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ABSTRACT 
The West Brush Creek Development Area, a part of the Beulah Mine, 
occupies a rolling upland approximately 7 kilometres southwest of 
Beulah in west-central North Dakota. This study describes the geology, 
hydrology, and hydrogeochemistry of an 8 kmZ area which is scheduled 
for strip mine development, and addresses the potential impacts of 
mining on the local hydrologic and hydrogeochemical regime. 
four previously recognized stratigraphic intervals in the 
Paleocene Sentinel Butte Formation were described and correlated. They 
are, from oldest to youngest, the Spaer, Beulah-Zap, Schoolhouse and 
Twin Buttes intervals, each named for the lignite bed which caps the 
interval. The pore-water chemistry of the elastic sediments within 
these intervals was defined using saturated-paste extracts; most 
samples had a.mean SAR in the 12 to 20 range. Texturally, these 
sediments are composed of approximately equal amounts of fine to 
very-fine sand, silt, and clay. 
All four lignite beds are saturated in parts of the study area; 
because of its limited occurrence, however, the Twin Buttes Bed was 
not instrumented. "The Schoolhouse Bed forms a perched aquifer 
throughout the area, and often has a few metres of confined potentio-
metric head. Hydrologically, the Beulah-Zap Bed occurs as both a 
confined and a water table aquifer; near the center of the study area 
this bed is dry. The Speer Bed is confined where instrumented and is 
probably belo~ the local water table. Single-well response tests 
showed geometric mean hydraulic conductivities of 2.2 x 10-6, 5,2 x 
10-8, and 1.6 x 10-7 m·s-1 for the Schoolhouse, Beulah-Zap and Spaer 
Beds, respectively. 
X 
The McDonald-Harbaugh Modular Three-Dimensional Finite-Difference 
Groundwater Flow Model was used to predict the inflow of groundwater 
to the mine pits, as well as potential short and long-term drawdowns 
of the lignite aquifers. The model predicted that both pit-water 
inflows and drawdowns will be negligible. 
Three chemically distinct types of groundwater occur within the 
study area. The most common is the sodium-bicarbonate, sulfate type 
which is characteristic of the deeper Spaar and Beulah-Zap Beds. The 
shallower Schoolhouse Bed generally has a calcium, magnesium, sodium-
sulfate type water which is believed to reflect a less evolved phase 
of the sodium-bicarbonate, sulfate type. At"one sampling location the 
Beulah-Zap Bed had a sodium-carbonate type water with an unusually 
high pH of 13. The hydrolysis of silicates associated with nearby 
"scoria" is believed to produce the high pH which controls the ground-
water chemistry at this site. 
Groundwater recharge within the area to be mined is minimal and 
will probably remain so in the post-mining setting. The mechanism of 
spoils saturation, therefore, will be lateral inflow from adjacent 
undisturbed lignite beds south of the mine pits. ln situ hydrogeo-
chemical reactions between the spoils water and soluble salts 
displaced from the oxidized parts of the pre-mining landscape to the 
pit bottom, will result in groundwater which is approximately 2 to 3 
times more mineralized than before mining, primarily due to increases 
in the sodium, calcium, and sulfate concentrations. The spoils water 
quality should begin to improve following an initial flushing of one 





The purpose of this study is to characterize the geology and 
hydrology of the West Brush Creek Development Area in order to 
facilitate both the mine plan development and the assessment of 
possible impacts of mining on local hydrogeology and hydrogeo-
chemistry. Specific objectives of this study are: 
1. To describe the overburden thickness, texture and chemical 
characteristics to facilitate mine planning and allow the assessment 
of the impacts of mining on groundwater quality. 
2. To determine the flow, occurrence, and quality of water in 
the shallow coal aquifers which will be disrupted by mining. 
3, To p~edict the inflows to the pits from the coal and the 
draw-down effects at nearby domestic and stock wells due to inflows to 
the pits. 
4. To predict impacts to the shallow groundwater system based on 
hydrogeochemical models which have been developed in similar settings. 
Location and Overview of Mining Operations 
The Knife River Coal Mining Company's Beulah Mine is located 
approximately 4 kilometres south of the town of Beulah in west-central 
North Dakota (Figure 1). Present mining activities are mainly 
concentrated in an area east of North Dakota Highway 49, encompassing 
portions of Sections 11, 12, 13 and 14, T.143N., R.88W. in Mercer 
County and Sections 7, 8, 17 and 18, T.143N., R.87W. in Oliver County. 
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The bulk of the Beulah Mine's 1985 production of 3 million tonnes 
was used to supply the adjacent Coyote electrical generating station, 
with a small portion being used to fulfill other contracts and supply 
a local domestic market. 
Beginning in 1966, Knife River expects to begin producing 
approximately 475,000 tonnes of coal per year from the West Brush 
Creek Development Area (Figure 2) with production slated to reach 
800,000 tonnes per year by 1990. The geology, geohydrology and 
hydrogeochemistry of the West Brush Creek Development Area is subject 
of this study. 
As shown on Plate 1, mining will begin with the excavation of a 
N-5 box pit along the western edge of Sections 16 and 21 and two NE-SW 
box pits in the N1/2 of Section 16. The overburden in the N-S box pit 
will be removed using scrapers, and this material will be placed in 
the draw in the SE1/4 of Section 16 (Plate 1), leaving a void into 
which a dragline will cast the spoils from the next pit. Mining will 
proceed to the east and southeast from the box cuts until the pits 
merge to form a single N-S pit, 
Physiography, Topography and Climate 
Physiography and Topography 
The study area is located in the glaciated portion of the 
Missouri Plateau section of the Great Plains Physiographic Province 
(Lobeck, 1950). The topography in this region is characterized by 
gently rolling to hummocky upland surfaces with occasional prominent 
buttes rising as much as 60 metres above the surrounding land surface. 
These uplands are dissected by a series of generally northwesterly to 
5 
















R. 88 W. 




southeasterly trending glacial meltwater channels which often contain 
underfit intermittent streams which are tributaries of the Knife 
River. The Knife River is the master river in this area, flowing 
northeasterly to its confluence with the Missouri River about 20 
kilometres northeast of the town of Beulah. Maximum relief in the 
area is on the order of 120 metres. 
The study area proper (figure 2) is a gently rolling upland 
dissected at its corners by steep-sided draws which contain inter-
mittent tributaries of Brush Creek, Coyote Creek and the Knife River 
{see Plate 1). 
The highest elevation on the upland occurs on a knoll-near the SE 
corner of Section 21 at about 639 metres; from here the land slopes to 
the west and north at about 9.5 to 15.2 metres per kilometre. The 
head of the major draw which will be filled with box-cut spoil 
originates near the south end of the centerline of Section 16 at an 
elevation of about 610 metres and from here runs north and then 
northwest, exiting the study area near its northeast corner at an 
elevation of about 567 metres. The side slopes of this draw, in its 
steepest portions, are on the order of 15°; this relief and slope are 
typical of the major draws in the area. 
This upland area has been mapped by Carlson (1973) as ground 
moraine and further described by Clayton (1980) as "thin glacial 
sediment draped over, arid only slightly modifying, the non-glacial 
topography ex is ting be fore the last glacial advance." These 
descriptions are confirmed by the geological cross sections (Plates 2 
and J) which show that the glacial sediment does not form 
constructional topography. The pebble-loam has been eroded from the 
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sides of the draws, where the sediments of the Sentinel Butte 
formation are exposed, mantled with about one-half metre of soil. Most 
of the upland area is veneered with wind-blown sand and silt of the 
Oahe formation which is too thin to map or show in cross section. 
Climate 
The climate of west-central North Dakota is classified as 
semi-arid, continental (Wilhelm, 1978}. The passage of mid-latitude 
storm systems is typical of the climate of this area, and the 
day-to-day weather changes can be quite extreme because of the 
migrating systems. Perhaps the most dramatic feature of this area's 
weather and climate is its variability. 
Mean monthly high and low temperatures in Mercer County are 
typical of the extremes associated with a continental climate. January 
daily minima are about -17°C, with daily maxima near -5°C. July daily 
low temperatures average 13°C, with highs near 29°C (Wilhelm, 1978}. 
A change of several degrees Celsius within a few hours can sometimes 
be noted with the passage of arctic cold fronts in winter or with the 
sudden development of warm, strong westerly winds, generally in late 
winter or spring. The length of the growing season also varies 
dramatically from year to year, but the average length for the region 
is near 120 days (Wilhelm, 1978). Monthly precipitation totals also 
vary greatly. Extremely dry months have been recorded throughout the 
year, as is typical. of the semi-arid climate of the Great Plains. On 
the average, the area receives about 410 millimetres of precipitation 
per year. Most of the precipitation comes in spring and early summer 
(April through June}, usually in the form of locally heavy showers and 
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thunderstorms. Winters tend to be relatively dry, with most months 
receiving less than 25 millimetres of precipitation, usually in the 
form of snow. Heavy snowfalls seldom occur in the area, but 250 
millimetres or more of measured snow have been recorded during 
springtime blizzards (Wilhelm, 1978). 
Geologic and Hydrogeologic Setting 
Regional Geology 
The study area lies within the southeastern part of the Williston 
structuraf basin, and is underlain by 3,]53 to 3,658 metres of 
sedimentary rocks which have a general regional dip of about 1° to the 
northwest. The sedimentary column consists of varying thicknesses of 
interbedded sandstone, shale, limestone, dolomite, and evaporites 
(Carlson and Anderson, 1970). 
Paleozoic and Mesozoic units, including and underlying the Pierre 
Formation of late Cretaceous age, comprise about 80% of the 
sedimentary thickness in the area. Other than the Pierre, which 
reaches a thickness of about 610 metres and forms an effective 
regional aquitard (Groenewold et al., 1979), these units are not 
relevant to this study. 
Directly overlying the Pierre Formation are the youngest 
Cretaceous units, the Fox Hills and Hell Creek Formations, which serve 
as important regional aquifers (Croft, 1970). The Fox Hills Formation 
was deposited in a very shallow sea, with the uppermost member, the 
Colgate, being the last in this marine sequence (Croft, 1970). 
Subsequently, the seas retreated and, after erosion, the Hell Creek 
Formation was deposited on flood plains and adjacent swamps, creating 
I 
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a series of sandstones and sandy .shales, with same lignites. 
Occasional intrusions of brackish sea water resulted in the deposition 
of the Breien Member, a marine, glauconitic sandstone (Frye, 1969). 
The early Paleocene depositional sequence is represented by the 
nonmarine Ludlow and Slope Formations and their lateral equivalent, 
the Cannonball Formation. These units, along with the other Tertiary 
Formations, are included in the Fort Union Group. The Ludlow and 
Slope Formations, which are interpreted to have been deposited in a 
marine-deltaic setting (Belt et al., 1984), consist of silt, clay, 
sand and iignite, whereas the Cannonball Formation varies from 
sandstones and shales to lenticular limestones (Carlson, 1973). 
The Bullion Creek and Sentinel Butte Formations of the upper Fort 
Union Group consist of interbedded mixtures of silt, clay, sand, and 
lignite which are currently believed to have been deposited in swamp 
and fluvio-lacustrine environments on a broad, flat alluvial plain 
{Daly et al., 1985). These formations contain the lignite beds which 
are currently of economic interest in North Dakota. The uppermost 
unit of the Fort Union Group, the Golden Valley formation, has been 
removed by erosion in the immediate vicinity of the study area, but 
several outcrops have been mapped to the west and southwest {Carlson, 
1973). 
Surficial sediments in this region, other than bedrock, generally 
consist of till in the uplands, colluvium and alluvium along the 
valley slopes and meltwater ehannel bottoms, and scattered localized 





Sandstone units in the Upper Fox Hills and Basal Hell Creek 
Formations form an extensive regional aquifer which underlies the 
study area at depths ranging from about 305 ta 396 metres (Croft, 
1970). These fine-ta-medium-grained sandstones are interbedded with 
sil tstones and clays tones; the total aquifer thickness varies from 
about 46 to 107 metres (Croft, 1970). 
Based on a series of recovery tests, an hydraulic conductivity, 
ranging from 5.0 x 10-7 m•s-1 to 5.6 x 10-5 m•s-1 and averaging 7,4 x 
10-6 m·s-1, was calculated for this aquifer. Specific capacities far 
these wells average 17.6 m2•day-1 and the storage coefficient ranges 
from 0.0001 to 0.00001 {Croft, 1970). 
Quality-wise, water in the Fox Hills-Basal Hell Creek aquifer is 
a sodium-bicarbonate type with a total-dissolved-solids (TDS) content 
of between about 1200 and 2000 mg/1, 
Fine-to-medium-grained sandstones in the upper part of the Hell 
Creek and lower part of the Cannonball-Ludlow Formations also farm a 
regional aquifer in the Mercer County area, This aquifer underlies 
the study area at a depth of about 245 metres, Transmissivity values 
on the order of 2.6 x 10-5 m2.~-1 to 6 x 10-4m2·s-1 have been 
calculated for this aquifer, and wells tapping this unit should 
produce from 0.5 to 6.5 L·s-1 (Croft, 1970). Chemically, the water in 
this aquifer is very similar to that in the Fox Hills-Basal Hell Creek · 
aquifer. 
The shallowest major regional aquifer underlying the study area 
is the Lower Bullion Creek aquifer zone (Croft, 1970). Its extent is 
much more limited than that of the other major aquifers, being 
restricted largely to the Knife River Basin and adjacent areas to the 
north and south (Croft, 1970). 
The lower part of the Bullion Creek Formation consists of 
numerous discontinuous sand units rather than a single widespread 
unit; the total composite thickness varies from Oto 60 metres (Croft, 
1970). This composite sand unit is referred to as an "aquifer zone" 
rather than a distinct aquifer. 
There are very limited data on the hydraulic properties of the 
Lower Bullion Creek aquifer zone within the K~ife ·River Basin. Several 
cores were analyzed from Dunn County and these cores show an average 
hydraulic conductivity of 4 x 10-7 m·s-1. Water production from this 
zone seldom exceeds 0,63 L·s-1 (Croft, 1970). 
The potentiometric levels in aquifers in the Lower Bullion Creek 
aquifer zone are generally higher than those in the Upper Hell Creek 
and Lower Cannonball-Ludlow aquifer. The potentiometric levels in 
the Upper Hell Creek and Lower Cannonball-Ludlow aquifer are also 
generally lower than those in the Upper Fox Hills and Basal Hell Creek 
aquifer (Croft, 1970), rt is evident, therefore, that water flows 
downward into the Upper Hell Creek and Lower Cannonball-Ludlow aquifer 
from overlying aquifers and upward from underlying aquifers and that 
this aquifer functions as a regional groundwater sink. 
Previous Work 
Since the early 1900's several researchers have studied the 
lignite deposits of Mercer County. In 1925, for example, Leonard, 
Babcock and Dove described the early lignite mines of Mercer and 
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Oliver Counties. Benson (1952) mapped and named most of the exposed 
lignite beds in Mercer County, providing the nomenclature which has 
remained essentially unchanged to the present. An excellent history 
of the nomenclature of the lignite beds and the first detailed 
discussion of the geology, hydrogeology and hydrogeochemistry of the 
Fox Hills Formation and lignite bearing strata is presented by 
Groenewold et al. (1979, p. 17-29). The nomenclature adopted in that 
report is followed here, also. 
In addition to mapping lignite beds,Benson (1952) also mapped the 
glacial dep.osits of Mercer County. A later work by Carlson ( 1973) 
summarized the history of glacial deposition as well as the surface 
and subsurface stratigraphy of the county. 
Relatively little was published on the hydrogeology of the Mercer 
County area prior to the 1970' s; among those early studies was Bradley 
and Jensen's (1962) report on test drilling for water supply wells 
near Beulah. Croft (1970) published the most modern general summary of 
the groundwater resources of Mercer County. 
From the mid 1970' s to the present, rapid growth of the lignite 
industry throughout the Kni Fe River Basin and ever-stiffening 
environmental regulations have spawned a number of studies aimed at 
better de fining the geology, hydrology and hydrogeochemistry of the 
area. A series of Reports of Investigations published by the North 
Dakota Geological Survey·, including reports by Moran et al. (1978 
a,b), Rel)n et al. (1982) and Groenewold et al. (1979, 1983), 'have 
provided the basis for our present understanding of the hydrogeology 
and hydrogeochemistry of the lignite region of western North Dakota. 
Drilling and Sampling 
METHODOLOGY 
Overburden 
The drilling and sampling of the West Brush Creek Development 
Area was conducted in two phases. In the summer and fall of 1979 the 
holes in the 900 and 1000 series (see Plate 4) were drilled, utilizing 
two forward-rotary drill rigs with 12-centimetre drill bits. At this 
time air, water, or a combination of air and water was used as the 
drilling fluid, depending on the drilling conditions encountered. In 
general, most of the holes in which monitoring wells were installed 
were drilled using water, whereas most of the other holes were drilled 
using air. Water was obtained from nearby ponds and sloughs.-
Overburden samples were collected on a 400-metre grid throughout 
most of Section 16 and the N1/2 of Section 21. Representative samples 
from each 1,5-metre interval were collected by the drillers, utilizing 
a piece of cardboard placed under the return air flow for air-drilled 
holes, and a minnow dipper or hand placed into the circulating water 
in the mud pit for water drilled holes. Upon collection, the samples 
were sealed in plastic bags. 
Overburden Analyses 
Chemical 
The chemical analyses of the overburden samples were performed 
according to the methods recommended by Sandoval and Power (1977), A 
water-saturated paste was prepared, and the pH was determined directly 
by the insertion of a suitable electrode into the saturated paste 
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after it had been allowed to come to equilibrium with atmospheric 
conditions. All other analyses were performed on the extract from the 
saturated paste. These analyses included electrical conductivity 
(EC), which was determined using a digital conductance meter and 
corrected to z5•c, and calcium, magnesium and sodium, which were 
determined using atomic absorption spectroscopy. 
Texture 
The percentage of sand, silt and clay for each 1. 52 metre 
interval w.as determined using ASTM method 152H (Franson, 1975). 
Corrections were made for the buoyancy of the calgon in solution and 
the ambient air temperature. The sand size bounder ies specified for 
this procedure are 1.00 to O ,05 mm; the silt size boundaries are 0.05 
to 0.002 mm and particles less than 0.0002 mm in diameter are 
classified as clay. All material greater than 1.00 mm in diameter is 
included with the sand fraction. 
Groundwater 
Instrumentation 
As with the overburden drilling and sampling, the groundwater 
instrumentation of the West Brush Creek Development Area was 
conducted in several phases, Wells in the 900 and 1000 series were 
installed during the 1979 drilling and sampling program. These wells 
were constructed using 5 .OB-centimetre PVC pipe for casing and 
hacksaw-slotted 5,08-centimetre PVC pipe for screen. A shale catcher 
was set at some distance above the screened interval for a well seal. 
The borehole above the shale catcher was backfilled with cuttings from 
the hole; no surface seal or sandpack was used. Due to their 
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construction, these wells are not properly called piezometers and are 
referred to hereafter as monitoring wells. 
Wells in the 1300 and 1400 series were installed during the 
summers of 1984 and 1985, respectively. These wells were sandpacked 
using a tremmie pipe to 0.3 metres above the screened interval at 
which point a 0.3-metre bentonite plug was installed; the borehole was 
then Filled to the surface using a cement-bentonite slurry pumped down 
the tremmie pipe. 
piezometers. 
These wells are hereafter referred to as 
The piezometers were developed by backwashing with water at the 
time of installation and subsequently by bailer surging prior to 
sampling. The Fact that relatively high rates of sustained withdrawal 
was possible from some of these small diameter wells ( see Sampling 
below) suggests that this development technique is adequate for the 
well and aquifer materials involved. Completion summaries for these 
monitoring wells are presented in Appendix A. 
~ampling 
Groundwater samples for chemical analysis collected prior to 
October, 1984 were collected by Pace Laboratories, Inc. of 
Minneapolis, Minnesota. Sampling equipment included a nitrogen driven 
pump for high-yield wells and a PVC bailer for low-yield wells. All 
wells had one well casing volume removed prior to sampling; the sample 
was taken as soon as the well had recovered sufficiently to permit 
sampling, sometimes as much as 24 hours following bailing. A 
peristaltic pump and a Geofilter apparatus were used to remove the 
suspended particulate matter from the sample. All of the sample was 
'i 
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filtered and collected in one container, After gentle mixing it was 
distributed·to sample bottles and appropriately preserved. 
Groundwater samples collected subsequent to October 1984 were 
collected by Knife River Coal Mining Company personnel, Samples from 
high-yield wells were taken using a Fultz Model SP-201-A portable 
groundwater sampling pump; low-yield wells were sampled with a Timco 
J,17-centimetre-diameter point-source bailer. As the well was being 
pumped or bailed, periodic measurements were made of pH, electrical 
conductivity and temperature. When these parameters had stabilized, 
after a few bailers or litres of pumping, a sample was taken. The 
sample was mixed and distributed to the sample bottles. An 
unpreserved 1l .sample was taken for major anion and cation analyses; 
50 ml samples were taken for iron and nitrate-nitrogen and preserved 
to a pH <Z with nitric and sulfuric acids, respectively. Samples were 
filtered the following day in the laboratory; anomalously high total 
iron values for some of the 1984 and 1985 analyses were caused by 
field acidification of samples with high suspended solids, 
Monitoring well 959 and piezometers 1447 and 1448 allowed the 
highest pumping rates with the Fultz pump and were pumped at rates of 
0.5, 1.2 and 0.8 l•minute-1, respectively. For these wells, the pH 
and electrical conductivity were observed to stabilize after between 1 
and 5 casing volumes had been' pumped. On sunny days it was not 
possible to obtain a stable temperature reading; temperature was 
observed to rise with time by a few degrees Celsius due to the effects 
of solar heating on the water in the pump line. 
1B 
Groundwater Analyses 
All groundwater samples collected prior to 1984 were analyzed by 
Pace Laboratories, Inc., of Minneapolis, Minnesota. Groundwater 
samples collected in 1984 and 1985 were analyzed by Minnesota Valley 
Testing Laboratories of Bismarck, North Dakota. The following 
procedures, as described in the 14th Edition of Standard Methods for 
the Examination of Water and Wastewater (franson, 1975) were used by 
Minnesota Valley Testing. The number in parenthesis following each 
description is the method designation. 
The analyses were performed as follows: 
1. Electrical conductivity was measured using a digital 
conductance meter and corrected to 25°C. 
2. Total-dissolved-solids was measured as total filterable 
residue at 180°C (2086). 
J. Calcium, magnesium, sodium and iron were determined by atomic 
absorption spectrophotometry (301A). 
4. H.ardness was calculated based on the calcium and magnesium 
concentrations. 
5. Alkalinity was determined by titration (403). 
6. Chloride was determined using the argentometric method 
(408A). 
7. Nitrate-nitrogen was determined colorimetrically using the 
cadmium reduction method (419C). 
8. The pH was determined using an electronic pH meter with 
temperature compensation adjustment (424). 
9. Sulfate was determined using the gravimetric method with 
ignition of residue (427A). 
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Hydraulic Conductivity Determinations 
Hydraulic conductivity determinations were made using the 1300 
and 1400 series piezometers installed in the Schoolhouse, Beulah-Zap 
and Spaer Beds, All analyses were made based on drawdown-recovery 
data generated by bailing the piezometer to achieve the maximum 
practical drawdown and measuring the water level rise as a function of 
time; the maximllll drawdown was generally to within about 0.3 metres of 
the bottom of the screen. 
Groundwater flow Modeling 
Groundwater inflows to pits, and drawdowns of water levels caused 
by these inflows, were modeled using the modular three-dimensional 
finite-difference groundwater flow model of McDonald and Harbaugh 
(1984). This model simulates flow within an aquifer using a block-
centered finite-difference approach. Individual aquifer layers can be 
simulated as confined, unconfined, or a combination of confined and 
unconfined. External stresses, such as flow to wells, areal recharge, 
evapotransportation, flow to drains and flow through riverbeds, can 
al so be simulated. The Finite-difference equations can be solved 
using either the strongly implicit procedure or slice-successive 
overrelaxation. 
The McDonald-Harbaugh model is a computer program which consists 
of a main program and a series of independent subroutines or modules. 
The main program is a series of FORTRAN CALL statements which direct 
the modules to perform the work of the program, Le., reading data, 
performing calculations and printing results. In its present form the 
program consists of ten modules which may be grouped into three 
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different types: definition modules, stress modules and solver 
modules, 
The definition modules include the Basic Package and the Block-
Centered-Flow Package. These modules specify the aquifer's hydrologic 
parameters for any particular simulation; both of these modules must 
always be specified. The stress modules are the River Package, 
Recharge Package, Well Package, Drain Package, General-Head Boundary 
Package, and Evapotranspiration Package. These modules are completely 
independent and any single module or combination of modules may be 
added, subtracted, or changed on successive simulations without 
altering the other modules, The solver modules, the Strongly Implicit 
Procedure Package and Slice-Successive Overrelaxation Package provide 
the methods for solving the finite-difference equations which the 
model uses to describe groundwater flow. One or the other must be 
specified for each simulation, The Basic, Block-Centered Flow, Drain, 
General-Head Boundary and Strongly Implicit Procedure Packages were 
used to simulate groundwater flow within the study area. These 
modules and their major inputs relating to the simulations carried out 
as part of this study are described below. 
The Basic Package handles the administrative tasks of the model. 
It is responsible for the discretization of space, and specification 
of boundary conditions and heads, Input to this package, as for the 
others, consists of arrays of numbers whose values represent the 
appropriate hydraulic parameters for gr id cells of the area under 
simulation. 
The initial attempt at modeling this area utilized a 15 x 15 grid 
with a grid spacing of 152 metres which covered virtually the entire 
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study area as depicted on Figure 2. Calibration runs for this model, 
however, were unable to successfully reproduce. the initially specified 
head distribution in the Beulah-Zap Bed for the longer time 
simulations {)36 days). This difficulty is attributed to truncation 
error at the large grid spacing (Mercer and Faust, 1981), and the long 
time period, as well as to data error; the head distribution and/or 
aquifer elevations are not accurately known near the fringes of the 
area. 
The second modeling attempt utilized a 15 x 15 grid with a 
61-metre giid spacing. This grid, located in the south~central 
portion of the study area {see Figure 3), offered several advantages 
over the initial one. Truncation errors were reduced due to the closer 
grid spacing, and the hydrologic properties of the coal seams are 
relatively well. known, In addition, this grid location was chosen 
because it focuses much more specifically on the area of anticipated 
impacts. figure 4 shows this grid; those cells which were the focus 
of specific impact modeling are also noted. 
Like the space dimension, the time dimension is also assigned in 
the Basic Package, This assignment consists of the definition of one 
or more stress periods for each simulation. During each stress period 
the initial head values are held constant; if several stress periods 
are used in a simulation, the user may specify that the output heads 
from the previous stress period be used as the input heads for the 
succeeding stress period. This procedure was used for the simulations 
in this study. 
for each set of hydrologic conditions a short-time and a long-
time simulation generally was run. The short-time simulation had 
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stress periods of 1, 5 and 30 days, resulting in cumulative simulation 
times of 1, 6 and 36 days. The long-time simulation had stress period 
of 120, 180 and 360 days, resulting in cumulative simulation times of 
120, 300 and 660 days. The short-time simulation was intended to 
represent a worst-case situation where the rate of water inflow to a 
drain was of interest, whereas the long-time simulation was intended 
to represent the worst-case situation where drawdown at distance from 
a drain was of intere.st. 
The third major input for the Basic Package is the boundary array 
which specifies each cell in the array as a constant head, active or 
inactive cell, For the model used herein all cells representing the 
Schoolhouse Bed were designated as active cells. Several cells in 
the NE corner of the Beulah-Zap grid (see Figure 4) were designated as 
inactive cells because the coal is dry in this area. 
The last major input to the Basic Package is the starting 
potentiometric head for each cell in the model. These values were 
assigned by overlaying an appropriately scaled grid on 1:4800 scale 
potentiometric maps of the Schoolhouse and Beulah-Zap Beds and reading 
directly or interpolating the potentiometric level for each cell. 
Because of the relatively uniform potentiometric level of the School-
house Bed in this area, a single value of potentiometric head (612 m) 
was assigned for the entire grid. 
The Block-Centered Flow Package computes the components of the 
finite-difference equation which determine flow between adjacent cells 
and computes the terms that represent the rate of movement of water to 
and from storage. The input consists of the basic hydrologic para-
meters needed to describe grou~dwater flow in the grid cell under 
Figure 
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consideration. These parameters will vary depending on the hydrologic 
condition of the aquifer; they may be specified for each cell or 
designated as a constant for the entire grid. The latter procedure 
was followed. 
For the modeling purposes of this study both coal seams were 
considered fully convertable between confined and unconfined. For 
this type of aquifer the input for each cell consists of storage 
coefficient (storativity), hydraulic conductivity, specific yield, 
elevation of the top and bottom of the aquifer and the Vcont, which is 
the vertical hydraulic conductivity divided by the distance between 
layers (aquitard thickness). 
The storativity, transmissivity and specific yield were the 
aquifer parameters which were varied between simulations; the values 
used for the different simulations will be discussed under RESULTS. 
The elevation of the top of the coal seam for each grid cell for 
both aquifers was determined by overlaying an appropriately scaled 
grid on a 1:4800 structure contour map drawn on the top of the 
respective beds, and reading directly or interpolating the elevation 
of the bed at that grid point, The thickness of the coal seam was 
then subtracted from the top elevation, and the resulting value was 
assigned as the elevation of the bottom of the coal. 
The Vcont need not be specified for the bottom layer and there-
fore no value was needed for the Beulah-Zap Bed. In the absence of 
any data on the vertical hydraulic conductivity in the aquitard 
underlying the Schoolhouse Bed, the Vcont for the Schoolhouse Bed was 
determined during the model calibration procedure, as described under 
RESULTS. 
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Whereas the prediction of drawdown of potentiometric head with 
time was one of the primary goals of this modeling exercise, the 
transient rather than steady-state specification was made in the 
Block-Centered Flow Package to allow for changing head values. 
The Drain Package calculates the. flow to a drain located at a 
specified grid cell, according to the equation Q::: C(h-d), where: 
Q ::: rate of flow to the drain (LengthJ·t-1) 
C = conductance of the interface between the cell and the drain 
(Length2,t-1) 
h = head in the cell ( Length) , 
d = head in the drain (Length) 
For the simulations conducted in this study the conductance term 
is equal to the transmissivity of the aquifer being simulated, The 
specific locations and conductances of the drains which were simulated 
are discussed under RESULTS. 
The Strongly Implicit Procedure is a method for iteratively 
solving the large nl.lllber of finite-difference equations which describe 
flow within the model cells. This solution method was chosen over the 
Slice-Successive Overrelaxation Package because it produced better 
agreement between input and output heads .when the calibration 
simulations were run. 
Output from the McDonald-Harbaugh groundwater flow model may be 
specified by the user or, if desired, a default output can be printed. 
The latter option was chosen for this study. The default output 
consists of a printout of head and drawdown for each cell in the 
matrix at the end of each stress period, as well as a volumetric 
budget which displays the cumulative volumes and rates of flow into 
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and out of storage, and to or from the various stress modules. This 
volumetric budget is a check an the numerical accuracy of the 
simulation. 
The McDonald-Harbaugh Modular Three-Dimensional Finite-Difference 
Groundwater Flow Model is written in ANSI FORTRAN IV or ANSI FORTRAN 
77 language and is available for a number of different hardware 
systems. The version used in these simulations requires an IBM PC 
with DOS version 2.0, or later, and at least 512 KRAM. Two floppy 
disc drives or a floppy disc drive and a hard disc are required also. 
The INTEL 8087 numerical co-processor chip is not required, but 
it reduces the run time for typical simulation by a factor of about 4 
ta 7. With the 8087 chip installed, the simulations conducted in this 
study were run and printed in about 30 minutes. 
RESULTS 
Geology 
Subsurface Stratigraphy and Structure 
stratigraphy 
The coal seam of primary mining interest in the West Brush Creek 
Development Area, as throughout the Beulah Mine, is the Beulah-Zap Bed 
of the Sentinel Butte formation. The Sentinel Butte formation of 
Paleocene age is the only bedrock unit exposed in the study area and 
is generally mantled by 1 to 2 metres of till except along the sides 
of draws where the glacial sediment has been removed by erosion, 
Plates 2 and 3 are diagramatic cross sections which depict the 
Beulah-Zap Bed and its relationship to the overlying and underlying 
sediments within the study area. In an effort to present the maximum 
amount of information, the entire thickness drilled has been depicted 
for each drill hole. Due to the highly variable bottom hole 
elevations and the subtle variations in sediment type, however, no 
attempt has been made to correlate units from hole to hole below the 
lowest correlative lignite bed. Plate 4 shows the locations of these 
cross sections and the lithologic logs for these test holes are 
presented in Appendix B. 
Exploration drilling commonly penetrated the Spaer Bed, the first 
lignite below the Beulah-Zap, and also the first zone of significant 
permeability below the proposed mining disturbance. The following 
discussions of the site-specific geology will focus primarily on the 
elastic and organic sediments overlying and including the Spaer Bed, 
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as these units will be disturbed or otherwise potentially affected by 
mining. 
Groenewold et al. (1979) established the practice of naming 
sedimentation intervals in the upper Fort Union Group by including a 
sequence of elastic sediments capped by a major lignite in the 
interval named for that lignite. That practice was followed in this 
study, and subsurface drill-hole information was sufficient to permit 
the recognition of three complete intervals and the elastic portion of 
a fourth. The naming of the lignite beds in this study also follows 
the system ·or nomenclature established by Groenewold et al, (1979). 
The Spaer Bed (see Plates 2 and J) is traceable throughout most 
of the study area wherever sufficiently deep test holes have been 
drilled, It is recognized by its stratigraphic position as the first 
coal bed below the Beulah-Zap Bed, and occurs as a single continuous 
seam of lignite coal ranging from 0.6 to 1,2 metres in thickness. 
Below the Spaer Lignite the drill hole information is 
insufficient to permit the description and correlation of the elastic 
portion of the Spaer interval or the underlying intervals. The entire 
elastic portion of the Spaer interval appears to be present at the 
eastern boundary of the study area in test holes 974 and 1016 where it 
ls apparently underlain by three associated lignite seams and elastic 
sediments of the Antelope Creek interval. Likewise, a thickened 
elastic section of the Spaer interval, along with the Antelope Creek 
interval and possibly part of the Kinneman Creek interval, is 
apparently present in the northern portion of the study area at test 
hole 999. The description and correlation of these lower intervals, 
however, is beyond the scope of this study, 
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The Beulah-Zap Bed is a relatively thick and laterally 
continuous lignite which .is present throughout the study area unless 
it has been removed by erosion. It averages an almost constant 3.6 
metres in thickness, with no splits or partings. The elastic portion 
of the Beulah-Z~p interval is composed of moderately consolidated 
fine-grained sediments ranging from sandy-silt to silty-sand which 
generally coarsen somewhat from north to south and thicken slightly 
from east to west. The thickness of the elastic segment of the 
Beulah-Zap interval ranges from 3,3 to 7.6 metres. 
The Schoolhouse Bed occurs within the study area as two 
associated lignite seams separated by from 1,8 to 3,5 metres of 
moderately consolidated clayey-silt to silty-clay. The upper and 
lower seams average 0,9 to 1,2 metres in thickness, respectively. The 
Schoolhouse Bed is present throughout most of the southern two-thirds 
of the study area, approximately south of a line between test holes 
965 and 969 (see Plate 4). Throughout much of this area, however, one 
or both seams have been oxidized and this bed is of mineable quality 
only in the NE1/4 of Section 21, 
Where present in its entirety, the elastic portion or' the School-
house interval is approximately 15.2 metres thick and, like its 
equivalents in the Beulah-Zap and Spaer intervals, c.onsists of 
moderately consolidated fine-grained sedime.nts. This interval also 
contains a few thin discontinuous limestones. As depicted on the 
cross sections of Plates 2 and J, this elastic interval generally 
appears to be somewhat coarser than the Beulah-Zap and Spaer, with a 
greater proportion of sandy-silt to silty-sand, In addition, many of 
these test holes show an upward coarsening from clayey-silt and 
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silty-clay to sandy-silt and silty-sand and sometimes sand. 
The Twin Buttes Bed was encountered in test hole 1441 where it 
occurs as two seams separated by 0.6 metres of silty clay. The upper 
seam at this location is 0.3 metres thick and the lower seam is 1.0 
metre thick. Bath seams have undergone extensive oxidation and are 
soft and highly friable. This is the only documented occurrence of the 
Twin Buttes Bed in the study area, although this bed has been 
encountered in exploration drilling by the Knife River Coal Mining 
Company south of the study area. 
At test hole 1441 the elastic portion of the Twin Buttes interval 
is composed of approximately 15 metres of moderately indurated silty 
clay, with two approximately 1-metre thick fine sand units and a 
0.6-metre thick limestone bed. In the southeastern part of the study 
area, the elastic segment of the Twin Buttes interval is the uppermost 
bedrock unit (see Section B-81 , Plate 2) and is composed of 
approximately 13 metres of fine-grained sediment ranging from silty 
clay to silty-sand. As with the Schoolhouse interval, this interval 
coarses slightly from bottom to top. 
The pebble-loam of the Pleistocene Coleharbor Group unconformably 
overlies the Twin Buttes interval throughout the upland portion of the 
study area, The thickness of this unit ranges up to 9,1 metres and 
averages about 6.0 metres. Lithologically, this pebble-loam contains 
a large proportion of silt and clay and relatively few cobbles and 
boulders. 
In general the thickness of the entire overburden column 
increases uniformly across the study area from northwest to southeast, 
ranging from about 12 to 40 metres (see figure 5). 
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The dip of the Beulah-Zap Bed in the study area averages about 1• 
and often less, approaching 2° only at its steepest (Figure 6), As 
would be expected, the strike of the bed is highly variable, but a few 
general structural patterns are discernible. Near the center of 
Section 16 in the area of the NE-SW box cut pit, the bed strikes to 
the NE and dips to the SW at about 1°. A topographic high exists near 
the center of the NW1/4 of Section 21 with an elevation of 600 metres. 
Dips .are away from this high at about 1•, decreasing considerably to 
north, west and south. East of this high, through the NE1/4 of 
Section 21 and into the SE1/4 of Section 16, the Beulah-Zap Bed 
strikes northerly, dipping at about 1°, with the strike gradually 
becoming northwesterly, approaching the structural low in the SE1/4 of 
Section 16. 
Plate 1 shows the limit of the presently mlneable coal (crop 
line) within the study area. This boundary exists only at the north 
end of the proposed mining area where the Beulah-Zap Bed has been 
removed by erosion. To the west, south and east, this l;,ed continues 
intact beyond the study area. 
Overburden Texture and Chemistry 
Texture 
The results of the previously described overburden sampling and 
analysis program are presented in Appendix C, The mean percentage of 
sand, silt and clay and the mean sodium adsorption ratio (SAR) for 
each test hole are presented in Table 1. 
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Figure 6. Structure contour map of the top of the Beulah-Zap Bed. 
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Texturally, the overburden is predominantly fine-grained, Sand 
was more abundant than silt and clay in only 4 of the 21 sampling 
I 
locations and, although no grain size analyses were performed on the 
sand fraction, field observation suggests that the sand which is 
present falls in the fine to very-fine size range. In general most 
test holes showed approximately equal amounts of sand, silt, and 
clay, with clay and sand being slightly more abundant than silt, and 
clay slightly more abundant than sand. 
Chemistry 
t«Jran, et al. (1978b) discuss some of the limitations of applying 
saturation-extract test data to the prediction of soil-water and 
groundwater chemistry in reclaimed landscapes, and more recently 
Trudell et al. (1983) have found that saturation-extract data, when 
applied to the· prediction of spoils-water chemistry tend to under-
represent the divalent ions of calcium, magnesium, and sulfate. 
Nevertheless, the SAR as calculated from saturation-extract data 
continues to be used as one means to characterize the spoils in 
post-mining settings (Groenewold, et al,, 1983). In addition, the 
North Dakota Public Service Commission, charged with enforcement of 
the laws and rules governing mining in the state, continues to regard 
the SAR as the single most important criterion for the identification 
of potentially toxic-forming overburden materials (North Dakota Public 
Service Commission, 1984). 
The following description of the SAR distribution within.the 
sediments of the study area will provide a qualitative idea of the 
potential for these sediments to generate highly mineralized 
pore-water and groundwater in.the post-mining setting. 
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Table 1 
Overburden Chemical and Textural Properties Sunmary 
Test Overburden** Ca/Mg/Na " ,0 
Hole r. Sand " Silt r. Clay Mean Thickness Pattern Pebble " Number SAR (Metres) Type Loam 
954 47 .1 22.7 30.2 10.96 22.86 1 0 
955 66.4 13.9 21.7 4.77 16,76 2 45 
956 72.6 12.8 14.6 5.10 16.76 * 28 
957 61.6 17.9 21.0 7.49 24.38 1 34 
965 17.2 39.6 43.2 15.56 18.29 1 27 
966 54.4 21.0 24.6 12.22 18.29 2 10 
967 42.1 23.1 30.8 14.38 19.81 1 17 
969 30.1 32.7 37.2 4.33 18.29 1 48 
978 20.6 21.8 57.6 7.60 15.24 2 18 
979 26.6 30.4 43.0 5.46 19.81 * 32 
980 28.5 26.B 44.7 1.35 15.24 * 66 
1005 28.5 31.2 40.3 18.35 36.57 1 14 
1006 44.0 29.4 26.6 24.74 30.48 1 18 
1007 28.5 32.0 39.5 16.62 21.33 1 24 
1008 42.0 27.0 31.0 9.38 16.76 1 17 
1009 31.4 30.7 37.9 14,28 21.33 1 17 
1017 28.4 29.7 41.9 17.66 41.15 1 14 
1018 37.2 28.9 33.9 19.35 39.62 2 16 
1019 34.3 27.8 37.9 18.53 35.05 2 7 
1020 34.2 29.2 36.6 15.25 22.86 2 0 
1021 31.9 31.2 36.9 16.49 15.24 2 0 
* Does not fit either major pattern. 
** Overburden thickness measured as thickness of sediments overlying the 
Beulah-Zap lignite. 
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There are two major patterns of calcium, magnesiUJII and sodium 
variation with depth in the study area (Appendix 3). The first 
pattern (Type 1 of Table 1) exhibits calcium, magnesium and sodium 
values which are initially about equal and relatively high (10 to 20 
meq/L), producing SAR values in the range of 3 to 5. At some depth, 
the calcium and magnesium values drop sharply, decreasing by about a 
factor of 10 within about a 5-metre interval. The sodium concentration 
meanwhile remains constant or increases by about a factor of two, 
producing SAR values in the high teens and twenties in the last 
several metres of overburden above the coal. Figure 7 illustrates the 
pattern of calcium, magnesium, and sodium variation with depth in Type 
1 settings. 
The depth at which the calcium and magnesium values drop is 
variable, but it typically occurs between about 6 and 9 metres. In 
some Type 1 profiles, however, this break may occur as deep as 18 
metres, producing a much less pronounced deflection of the 
concentration plots in the upper part of the profile. 
The second pattern (Type 2 of Table 1) exhibits calcium and 
magnesium concentrations which are initially low (<1,0 meq/L) and 
remain so throughout the profile, Sodium concentrations, on the other 
hand, are initially less than 5 meq/L and by a depth of about 9 metres 
increase to 10 to 20 meq/L, again producing SAR values in the teens 
and twenties. This pattern is illustrated by Figure 8. 
Moran et al. (1978b) studied the overburden chemical profiles 
from a number of mines and identified several geologic and hydrologic 
controls which influence pore-water and groundwater chemistry in 
typical western North Dakota settings. Water movement through the 
t 











C<>ncontrotlon (moq /L l 
10 15 20 25 30 
2 ·,~ 2 
4 \ \ 4 
• " 
6 \ \ I 6 
11· \ l ·I * ' e \\ \ 8 
I 











" 14 \ 
14 
16 \ 16 
" 
18 \ 18 
20 20 





Figure B. Typ.ical Type 2 calcium, magnesium and sodium variation 
with depth. 
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overburden column was identified as a critical control; the Type 1 and 
Type 2 profiles identified here are characteristic of unflushed and 
flushed sites, respectively. The Type 2 profiles would be likely to 
develop where infiltrating precipitation could readily pass through 
the overburden material, keeping ionic concentrations low through 
repeated leaching and flushing. Type 1 profiles would be found at 
sites where there had been no significant movement of water through 
the overburden (Moran et al., 1978b}, 
The texture and topographic setting also, exert a major influence 
on water movement. From the available data, however, the role which 
these factors play in the development of Type 1 and Type 2 profiles 
within the study area was not clear. Grain size differences were 
considered, but no correlation is evident, based either on the mean 
grain size for the entire overburden column (Table 1} or the change in 
grain size with depth (Appendix 3). Topographic setting was also 
examined and both Type 1 and Type 2 profiles are found at similar 
posit ions in the landscape. The micro-topographic setting is 
difficult to evalu.ate ·- because it was not noted at the time of 
sampling, and the sampling locations· were not marked for future 
reference. Three locations are precisely known because monitoring 
wells were installed there. Two of the three showed Type 2 profiles, 
but there is nothing about the micro-topography of these sites to 
suggest that increased infiltration should occur there. 
Hydrogeochemical factors also influence these patterns. Gypsum 
dissolution :and cation exchange reactions involving smectitic clays 
are known to play a key role determining the relative concentrations 
of ca2+, Mg2+, and Na+ in sediments of the Sentinel Butte Formation 
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(Groenewold et al., 198J). To investigate the role that cation 
exchange might have in controlling these patterns, the ratio ([Ca]+ 
[Mg])/ [Na]2 was calculated for each sampled interval (Appendix 3). A 
linear decrease of this ratio with depth would suggest that cation 
exchange of divalent cations for sodium is probably active (Houghton 
et al., 1984). 
The ([Ca]+ [Mg]) / [Na]2 ratio for both Type 1 and Type 2 
profiles show a linear decrease below a depth of about 4.6 to 6.1 
metres, It would appear then that cation exchange is operative in 
both types of profiles, The smaller concentrations of ca2+ and Mg2+ in 
the upper portions of the Type 2 profile may be due to a relatively 
greater abundance of Na-montmorillonite at those sites which is 
effective in keeping the pore-water Ca2+ and Mg2+ concentrations low 
by cation exchange, or it may be due simply to a relative paucity of 
carbonate minerals at these locations. Increased flushing of the 
unsaturated zone as previously mentioned is also an alternative 
explanation. In this connection it should be noted that the relative 
abundance of magnesium in these analyses suggests that dolomite, as 
well as calcite, dissolution plays a major role in determining the 
chemistry of pore-water and groundwater in the study area. 
As previously stated, bath Type 1 and Type 2 patterns show a 
non-linear ([Ca]+ [Mg])/ Na ratio in the upper 5 metres. Likewise, 
both pat terns show a relative enrichTient in ca2+ and Mg2+ in the 1,5 
to 6;1 metre depth range a.nd a d!;!pletion of these ions in the upper 
1.5 metres, This suggests concentration of carbonate salts in the 
unsaturated zone as a function of alternate wetting and drying 




Groundwater Occurrence and Flow 
The hydrostratigraphy of the shallow groundwater system within 
the study area is defined by the geology of the I.ignite intervals, as 
previously described; the fractured lignite beds function as aquifers, 
whereas the intervening sediments are commonly aquitards. The 
hydrology of the two beds to be disturbed by mining, the Schoolhouse 
and Beulah-Zap, along with the next underlying coal bed, the Spaer, 
will be described in detail below. 
As previously noted, the Twin Buttes Bed is found only near the 
southern boundary of the study area. Elsewhere it has been removed by 
erosion. As is commonly the case with shallow lignites, the Twin 
Buttes Bed forms a perched water table1 slack coal beds are excep-
tionally permeable. When the Twin Buttes Bed was penetrated during the 
drilling of test hole 1440, a flow of several 10's of litres per 
minute was observed. The occurrence of the Twin Buttes Bed within the 
study area itself is too limited to warrant further description here. 
The Schoolhouse Bed overlies the Beulah-Zap Bed throughout most 
of the study area except the SW1/4 and the W1/2 of the SE1/4 of 
Section 16. It reaches a maximum depth of just over 27 metres near 
piezometer 1441 in the extreme southeastern corner of the study area 
and subcrops near the surface to form the large slough in the SW1/4 of 
the NW1/4 of Section 21 (Plate 1). Its outcrop is represented by the 
upper springs in the area of the proposed fill as shown on Plate 1. 
Generally, the Schoolhouse Bed ranges in depth from about 6 to 15 
metres below the land surface. 
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Due to its high permeability relative to the underlying elastic 
sediments, the Schoolhouse Bed is typically saturated, forming a 
perched water table. It is likely that this perched water table 
merges with the true water table somewhere in the southeastern corner 
of the study area where the Schoolhouse Bed is at greater depth; 
however, there is insufficient instrumentation in place to sub-
stantiate this. 
Piezometers have been installed in the lower split of the 
Schoolhouse Bed at selected locations. The October, 1985 readings 
from those piezometers have been used to produce the potentiometric 
map presented here as Figure 9. This map shows the highest potentio-
metric levels and a nearly flat gradient throughout most of the N1/2 
of Section 21. The potentiometric levels decrease and the gradient 
steepens in the SE1/4 of Section 16 where groundwater from the 
Schoolhouse Bed discharges as a series of springs along the south side 
of the steep-sided draw (Plate 1). Despite being relatively shallow 
and perched, the piezometers at locations 1444, 1447 and 1448 record 
about 2 metres of potential above the top of the coal bed, probably 
· reflecting increased potentials south of the study area where the 
Schoolhouse Bed is deeper and the overlying saturated thickness is 
greater, 
The water level data (Appendix D) for these piezometers, which 
were installed in 1984 and 1985, are insufficient to define any 
long-term trends, but those wells with st least one year of readings 
show water level fluctuations on the order of 0.3 metre or less. 
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Hydrologically, the Beulah-Zap Bed shows considerably more 
complexity than the Schoolhouse, occurring within the study area as a 
confined aquifer, a partially saturated water table aquifer, and even 
in the dry condition. Along the southern and western perimeters of 
the study area, the Beulah-Zap Bed is saturated, with potentiometric 
levels ranging from 2 to 20 metres above the top of the coal in the 
vicinity of wells 959, 1443 and 1441. To the north and east, in the 
vicinity of the box-cut pit (piezometers 1358, 1359 and 1360), the 
coal is partially saturated. Near the center of the study area, around 
piezometers 1446, 1373 and 1371, it is dry. Towards the eastern 
boundary confined conditions, with potentiometric levels a metre or so 
above the top of the Beulah-Zap Bed, are encountered again (wells 952, 
966, 1070 and 1445). 
Figure 10 is a potentiometric map of the Beulah-Zap lignite. The 
potentiometric contours indicate that flow is to the east throughout 
most of the area, becoming more northeasterly in the NE1/4 of Section 
21. Caution should be exercised, however, when interpreting flow 
directions from these contours, as the large head loss and change from 
confined to unconfined conditions in the E1/2 of Sections 17 and 20 
suggest a significant component of vertical flow (leakage) in this 
area. This appears to be caused by the presence of relatively 
high-permeability sediments directly underlying the Beulah-Zap Bed. 
The logs for test holes.958, 1009, 1010, 1011 and 1023 indicate 
substantially coarser than normal sediments in the upper portion of 
the Beulah-Zap interval in this area. This zone of high permeability 
appears to be functioning as a sink, causing the water in the 
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below, ta begin ta move downward. Th.is in effect allows the lignite 
to dewater, and, with the resulting loss of potentiometr ic head, 
the coal aquifer passes from confined to water table conditions. 
The Beulah-Zap 8ed outcrops ta the north of this sink ( see Plate 
1) and, whereas there is little recharge area between the sink and the 
cropline, the water level remains depressed and the coal is dry. 
farther ta the east in the NE1/4 of Section 21 and SE1/4 of Section 
16, the Beulah-Zap lignite is once again confined bath above and 
below, and potentiometric levels recover and are above the coal once 
again, influenced by flow from the south and west which was unaffected 
by the sink. 
Two piezometers screened in the Spaer Bed itself {1440 and 1442), 
and a monitoring well in a silty sand within the Beulah-Zap interval 
(1009), have been used to define the hydrology of the significantly 
permeable sediments below the Beulah-Zap lignite. Because of its 
relatively low hydraulic conductivity and thinness, this bed is not, 
and probably would nat, be used as a water supply in this area. It 
has been instrunented and will be monitored in the future because it 
represents a logical place to detect potential groundwater impacts of 
mining. 
There are insufficient data points to contour the potentiometric 
surface of the Spaer lignite, but potentiometric heads at piezometers 
1440 and 1442 suggest that flow is from west to east in this area, 
which is consistent with the flow direction for the Beulah-Zap Bed. It 
is to be expected that flow directions of the water in these two beds 
would be similar because they exhibit a similar topographic pattern 








Hydraulic Conductivity Determinations 
Although it was not proposed as a major objective of this study, 
three different methods of analyzing the drawdown-recovery data were 
used to determine if the method of analysis would significantly affect 
the calculated permeability. McWhorter (1982, p. 44-48) proposed a 
method for analyzing slug test and pumping/recovery test data which 
purports to account for the affects of afterflow discharge to the well 
bore prior to beginning of recovery. McWhorter believes that 
traditional methods of analyzing pumping/recovery and slug test data 
do not properly account for the effects of afterflow which he believes 
are significant for low-transmissivity aquifers; he believes that the 
traditional methods often underestimate the transmissivity. 
The drawdown-recovery data were analyzed using the methods of 
McWhorter (1982), 8ouwer and Rice (1976) and Hvorslev (1951) {Table 2) 
and the calculated hydraulic conductivities are presented in Table 3. 
With three exceptions (piezometers 1358, 1444 and 1448), the McWhorter 
analysis produces the highest hydraulic conductivity value. A 
comparison of the hydraulic conductivities generated by the Bouwer and 
Rice, and Hvorslev methods shows that neither method produces 
consistently higher nor lower values; these values seldom differ by as 
much as a factor of two. In addition, when comparing the analyses 
from all three methods, only two sets of calculated conductivities 
(piezometers 1442 and 1447) are found to differ by as much as a factor 
of four. Because the porosity and permeability of a lignite bed is 
produced by fracturing, the hydraulic conductivity, as determined by a 
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Table 2 
Single Well Response Test Data 
Piezometer #1356 



















Initial Water Level 45.90 
Date 9-4-85 
Time 









1 :10 PM 
1:20 PM 
1:30 PM 







































































































Table 2, Continued 
Piezometer #1444 










1 :26 PM 
3:00 PM 
4:00 PM 














Initial Water Level 8.27 
Date 10-18-85 
Time Water Level 
11:57 AM 10.48 
11:59 AM 10.04 
12:00 NOON 9.86 
12:01 PM 9,72 
12:02 PM 9.63 
12:03 PM 9.52 
12:05 PM 9,37 
12:07 PM 9,22 
12:10 PM 9.11 
12:15 PM 8.92 
12:20 PM 8,79 
12:25 PM 8.70 
12:30 PM 8,64 
12:35 PM 8,62 
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Table 3 
Hydraulic Conductivity of the Schoolhouse 
Beulah-Zap and Spaer lignite Beds 
Hydraulic Conductivity by Method 
m·s-1 Piezometer I Stratigraphic Hydraulic 
Number Unit (Coal) Condit ion Hvorslev Bouwer & Rice McWhorter 
1444 Schoolhouse Confined 1,1 X 10-7 4,6 X 10-7 2,6 X 10-7 
1447 Schoolhouse Confined 1,7 X 10-5 9.3 X 10-6 3,1 X 10-5 
1448 Schoolhouse Confined 1,2 X 10-6 1.7 X 10-6 1, 1 X 10-6 
1358 Beul ah-Zap Confined 1, 7 X 10-9 3,0 X 10-9 1,2 X 10-9 
1360 Beulah-Zap Unconfined 1,9 X 10-5 2,9 X 10-5 3 .5 X 10-5 
1443 Beul ah-Zap Confined 1,8 X 10-9 2 .1 X 10-9 3,1 X 10-9 
1440 Spaer Confined 4.3 X 10-7 3.9 X 10-7 8.1 X 10-7 




single well response test, will depend on the degree of fracturing at 
the particular site and the location of the piezometer in relationship 
to the fracture pattern. The wide range of calculated hydraulic 
conductivities for each bed and the relatively consistent results 
produced by the three different analytical methods suggest that the 
value of hydraulic conductivity determined is more dependent on the 
piezometer location than on the method of calculation. The values 
calculated by the McWhorter method will generally yield the conserva-
tively largest values when used for the quantitative calculation of 
mining impacts. All further references to hydraulic conductivity will 
use those values. 
The geometric mean hydraulic conductivities for the Schoolhouse, 
Beulah-Zap and Spaer Beds are 2.2 x 10-6 m·s-1, 5.2 x 10-8 m·s-1 and 
1.6 x 10-7 m·s-1, respectively. Based on this limited amount of data, 
there appears to be a decrease in hydraulic conductivity with depth, 
which is not unexpected as it is logical that the shallower coal 
should be more highly fractured and therefore more permeable. 
The mean log of the hydraulic conductivity for all 8 measured 
units is -6.56, which is somewhat lower than the calculated mean for 
the State (-5.55), although it agrees well with the means of -6.38 for 
the Center Mine and -6.50 for the Indian Head Mine (Rehm et al., 
1980). 
Chemical Characteristics of Groundwater 
Researchers working in western North Dakota over the past decade 
(Moran, et al., 1978b; Groenewold et al., 1979, and 1983) have 
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developed a conceptual hydrogeochemical model which explains the 
chemical characteristics of the groundwater commonly found in the 
surface coal mining regions of the state. The following inter-
pretations of the hydrogeochemistry of the West Brush Creek Develop-
ment Area are based largely upon that model; a thorough description of 
the assumptions and operation of the model may be found in Groenewold, 
et al., 1963, p. 2 - 31, 
The analytical results of the groundwater sampling program are 
presented in Appendix E and summarized in Tables 4 and 5. These 
results show three distinct groundwater quality types, the most common 
of which is the sodium-bicarbonate, sulfate type which was sampled at 
8 of the 14 monitoring wells within the study area. This water is 
characterized by a mean sodium concentration (612 mg/L) roughly 
thirteen times that of the combined calcium (30 mg/L) and magnesium 
(18 mg/L) concentrations, and sulfate and bicarbonate concentrations 
of 580 and 611 mg/L, respectively. These waters are slightly alkaline 
with a pH of 6.0 and a TDS of 2610 mg/L, Water of this type is the 
most common shallow subsurface water in western North Dakota 
(Gronenwold et al., 1963) and its evolution is explained as follows: 
The evolutionary sequence far Na+ - HC03-, S042- type water 
begins when infiltrating rainfall or snowmelt becomes charged with COz 
as it moves through organic-rich sail horizons. This water becomes 
slightly acidic and begins to dissolve calcite and dolomite as it 
infiltrates toward the water table. The ca2+ concentration, however, 
is kept low by the exchange of ca2+ for Na+ on Na-mantmarillonite and 
the water acquires a signi f.icant Na+ concentration (500-1000 mg/L} 
while maintaining a Ca2+ concentration of less than about 100 mg/L. 
' ' ' , 
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TABLE 4 -- Groundwater Quality Summery by Stratigraphic Interval.* 
Field 
Well** Field Field Cond, 
Number Temp. •c pH ·, unohs/cm 
' 
1394 8.7 5 .9 4400 
1444 12.5 8.0 1900 
1447 11.8 6.4 3500 
1448 12.0 6.6 8800 
959 10.2 6.8 6162 
966 10.8 6.7 2425 
1078 11.7 7.5 3000 
1358 10.4 7.6 4200 
1359 10.6 6.8 4400 
1360 9 .1 6,5 6000 
1441 12.0 9.9 2250 
1443 10.4 13.0 10000 
1445 10. 7 8.2 2300 
1440 13,0 8.4 2600 
* All values are means compiled frOlll Appendix E. 
**See Plate 4 for locations of wells. 
TOS ca2+ Mg2+ 
mg/L mg/L mg/L 
SCHOOLHOUSE BED 
4035 399 296 
1185 15 8 
2814 349 211 
7713 472 298 
BEULAH-ZAP BEO 
6079 474 445 
1891 44 32 
1652 37 21 
2736 64 46 
3853 216 140 
4883 340 235 
1535 28 6 
2565 105 4 
1831 9 5 
SPAER BED 
1619 12 6 
t\\l\ft~'4i t.l 'ltilMtfl ;i,::J.1"'.11: M!e• if'!!olfU'"'f'•F-
Na+ 5042- HC03-
mg/L mg/L mg/L 
309 2441 235 
384 454 469 
170 1524 401 
1390 4630 633 
484 3851 474 
551 952 546 °' 730 858 944 N 
950 889 1408 
753 1860 1490 
822 2715 786 
480 110 441 
938 4 228 
620 400 926 
569 391 944 
.~~3,.,:.;.tt;v,, 

























Sodium-Bicarbonate, Sulfate Type 
1821 30 1B 612 
Calci11m, Magnesium, Sodium-Sulfate Type 
5104 390 297 446 
Sodium-Carbonate Type 
2565 105 4 938 



















The low ca2+ concentration allows additional calcite dissolution and 
the pH rises as the water acquires significant levels of Hco3-. This 
groundwater now has the observed dominant concentrations of Na+ and 
HCo3-. The oxidation of pyrite to produce S042-, and the concen-
tration of this S04-2 through evaporation leads to the precipitation 
flushing and dissolution of some of the gypsum provides the final 
ingredient in this geochemical evoluation sequence. As the extremely 
soluble gypsum is dissolved during groundwater recharge events the 
infiltrating water acquires its high concentration of so42- to 
accompany the Na+ and HC03-. 
The second major type of groundwater in the study area is the 
calcium, magnesium, sodium-sulfate type; 5 of the 14 wells sampled 
contained this type of water. This water is characterized by mean 
calcium and magnesium concentrations of 390 and 297 mg/L, 
respectively. These concentrations when combined, are approximately 
1.5 times greater than the mean sodium concentration of 446 mg/L 
( Table 5). The mean sulfate concentration of 2633 mg/L is approxi-
mately 6 times greater than the mean bicarbonate concentration of 474 
mg/L. These waters are slightly acidic with a pH of 6.4 and a IDS of 
5015. 
An examination of Table 4 reveals that these ca2+, Mg2+, Na+ 
-S042- type waters are characteristic of the shallower Schoolhouse 
Bed, whereas the deeper Beulah-Zap Bed tends to have Na+ - S042-, 
HC032- type water. The one well screened in the Beulah-Zap Bed which 
has ca2+, Mg2+, Na+, so42- type water (well 959) is located near the 





In addition, it is likely that the groundwater being sampled at well 
959 reflects time spent in residence in a stock dam about 300 metres 
to the northwest, as indicated by its high TDS, c1- and N03- concen-
trations (Appendix E), Likewise, the high TDS values for piezometers 
1394 and 1448 are believed to reflect concentration through evapora-
tion in the large slough in the NE1/4 of Section 21 which is formed 
where the perched water table in the Schoolhouse Bed intersects the 
land surface, Hydrogeochemically, however, this groundwater is 
similar to that in piezometer 1447 which is probably more typical of 
the unalte"red ca2+, Mg2+, Na+ - so42- type water within the study 
area. 
The fact that this ca2+, Mg2+, Na+ - so42- type water is found at 
relatively shallow depths suggests that it is probably evolving 
towards the Na+ - 5042-, HC03- type of water, found in the deeper 
wells of the Beulah-Zap Bed. At shallow depths this water would have 
had less opportunity to react with Na-montmorillonite as evidenced by 
the high ( [ Ca J + [ Mg J) / [ Na] ratio. The fact that this water 
exhibits relatively high ca2+ and Mg2+, high S042- and moderate HC03-
values along with a low pH, suggests that the hydrogeochemical 
processes of carbonate mineral dissolution, pyrite oxidation, organic 
matter oxidation and the precipitation and dissolution of carbonate 
salts are responsible for the observed ca2+, Mg2+, Na+ - S042-
groundwater chemistry .in the study area, With increasing contact with 
smectitic clays at depth, the Ca2+ and Mg2+ concentrations could be 
lowered. Sulfate reduction at depth, catalyzed by anerobic bacteria, 
also helps lower the 5042- / HC03- ratio and lower the TDS (Krauskopf, 








The third type of groundwater in .the study area was sampled only 
at piezometer 1443 which is screened in the Beulah-Zap lignite. This 
water has a pH of 13. 0 and the dominant ions are Na+ (938 mg/L) and 
C032- (2317 mg/L). Hydrogeochemically this water resembles the Na+ 
-5042-, HC03- type water if the extremely high pH is taken into 
account (Table 5). The differences between these two types are the 
anomalously low HC03- and S042- concentrations in the Na+ - C032- type 
water. These concentrations are controlled by the high pH, because 
HS- is the stable form of sulfur and co32- is the stable form of 
dissolved inorganic carbon at this pH (Krauskopf, 1967, p. 40), 
· Houghton et al. ( 19B4) have noted abnormally high (>10) pH values 
in an unconfined sandstone aquifer at the Gascoyne Mine in areas 
overlain by "scoria", and postulated that the high hydroxide 
alkalinity and silica levels in these groundwaters were the result of 
silicate hydrolysis reactions. Houghton (1982) also noted zeolites in 
the glass phases associated with the scoria at Gascoyne, indicating 
extensive hydration of the "scoria" deposit. 
Coates (1984} reports that paralavas have been known to form when 
flamable gasses given off by heated coal rise to a depth where 
sufficient oxygen is available for combustion. The resulting fused 
sedimentary materials resemble volcanic lava, containing vesicles, 
microphenocrysts and flow features, 
c." !/J.i ...,f_ ' 
There is a small "scoria" pit in the N£+/4 of the~ of 
Section 20 (see Plate 1) approximately 1220 metres west of piezometer 
1443, as well as scattered traces of "scoria", including paralavas, 







this pit. The hydrolysis of silicates associated with the "scoda" 
slag in this area is believed to be producing the high pH which 
dominates the groundwater chemistry at piezometer 1443. This may at 
first seem unlikely, as "scoria" deposits along l;.':le sides of draws are 
often local groundwater discharge paints. At this location, however, 
the Beulah-Zap Bed passes beneath the draw, sloping towards piezameter 
1443 at a rate of about 6 m/km; the flow direction inferred from the 
patentiometric map of the Beulah-Zap Bed is in this direction also. 
Although the calculated hydraulic conductivity far Piezometer 1443 ls 
low (3.1 x· 10-9 m·s-1), the fact that the groundwater chemistry in 
this area ls being controlled by processes relatively far removed from 
the site suggests that water must be moving through this area fairly 
rapidly, or that recharge is extremely slow. Also, the unusually 
large pressure head at this location (highest in the study area) 
suggests a good hydraulic connection with some up-gradient area of 
higher potentiometric head. 
Groundwater Flow Modeling 
Before attempting to simulate the impacts of mining an the 
groundwater flaw system it was necessary to calibrate the model. 
This calibration was accomplished by running the model using different 
combinations of hydraulic conductivity, storativity and specific yield 
and comparing the head values generated at the end of a simulation 
with the input head values. Specific yield for the Schoolhouse Bed 
was·not varied during the calibration simulations because this bed is 
under confined conditions throughout the area being modeled. 
Because no pump tests have been conducted on the coal aquifers 
within the study area, no site-specific data on the storativity or 
' • ! • 
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specific yield of these units are available, The nUlllbers utilized in 
this modeling were obtained by choosing a value from the range o F 
reported values (Rehm et al., 1980) which would yield conservative 
results for the impact being modeled. A similar procedure was 
utilized to select hydraulic conductivity values; both measured (Table 
2) and reported (Rehm et al., 1980) values were used. 
The total cumulative simulation time for most calibration runs 
was 660 days. The head values produced for that simulation time were 
then compared with the known head values at cells [4,J] (row, column) 
and [ 10, 12 J ( see Figure 4) where piezome ters are installed. 
Generally, those simulations which produced good agreement at the 
known head cells also produced good agreement throughout the remainder 
of the grid. 
The simulated heads for the Schoolhouse Bed showed little 
sensitivity to changes in hydraulic conductivity and storativity over 
the range of values used in this study. A series of simulations was 
conducted using hydraulic conductivity values of 1 x 10-5, 5 x 10-6 
and 1 x 10-6 m·s-1 and storativity values of 0,005, 0.0001 and 
0.00001. All of the trials produced simulated heads for the entire 
grid which were within 0.03 metres of the area-wide specified input 
head of 612.65 metres. An additional calibration simulation was run 
for the Schoolhouse Bed using hydraulic conductivity equal to 1 x 
10-6 m·s-1 and storativity equal to 0.0001 at times of 10, 25 and 100 
years. This model was able to match input and output head values to 
within 0.15 metre at 25 years and to within one metre at 100 years. 
Whereas the McDonald-Harbaugh Model is three-dimensional, the 
vertical hydraulic conductivity of the aquitard underlying each 
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aquifer, except the lowermost, must be specified, as this value exerts 
a major influence on downward flow and therefore head distribution. 
Simulations were run keeping the hydraulic conductivity and stora 
tivity of the Schoolhouse Bed constant while the vertical hydraulic 
conductivity below was varied from 1 x 10-9 to 1 x ,o-12 m·s-1. A 
significant drop in head, attributed to increased downward flow, was 
found for values greater than 1 x 10-10 m·s-1. At 1 x 10-12 m·s-1 the 
input and simulated heads for the Schoolhouse Bed were essentially 
identical and this value of vertical hydraulic conductivity was used 
for all successive simulations. 
The calibration procedure used for the Beulah-Zap Bed was similar 
to that used for the Schoolhouse Bed. Table 6 shows the combinations 
of hydraulic conductivity, storativity and specific yield which were 
tried, together with differences between known and predicted heads 
which these calibration trials produced. 
Cell [4,3] is in a portion of the grid where the Beulah-Zap Bed 
is unconfined; the modeled heads in this cell were most sensitive to 
changes in hydraulic conductivity and specific yield. Calibration 
trials were run using specific yield values of 0.01 and 0,07, which 
were calculated and modeled values from previous coal hydrology 
studies (Rehm et al., 1960). The value of 0,07 produced better 
agreement between measured and modeled values. 
As illustrated by Table 6, several different combinations of 
hydraulic condu~tivity and storativity produced similar agreement 
between measured and predicted heads at cell [10,13] where the 
Beulah-Zap Bed is confined, If, however, the hydraulic conductivity is 














Calibration Data for the McDonald-Harbaugh 
Groundwater Flow Model 
Beulah-Zap Bed 
Hydraulic Head Difference *(m} 
Conductivity Specific 
{m·s-1) Storativity Yield 
1 X 10-7 0.005 0.01 
1 X 10-7 0.001 0.01 
1 X ,o-7 0.0005 0.01 
1 X 10-7 0.0005 0.07 
1 X 10-7 0.0001 0.01 
1 X 10-8 0.005 0.01 
1 X 10-B 0.001 0.01 
1 X 10-8 0.0005 0.01 
1 X 10-B 0.0005 0.07 
1 X 10-8 0.0001 0.01 
* Head difference calculated as absolute 
difference between October 1985 piezometer 
reading and model output. 












to get a good agreement (output drawdowns (0,6 m), This storativity 
is approximately one order of magnitude greater than those reported by 
Rehm et al, (1980) from other coal hydrology studies and is at the 
upper limit of the range of storativities for confined aquifers in 
-· general (Freeze and Cherry 1979, p. 60). This suggests that a 
hydraulic conductivity of 1 x 10 -7 m·s-1 may be somewhat high for 
modeling purposes. If the hydraulic conductivity is 5 x 10-8 m·s-1 or 
less, a storativity of 0,0005 produces good agreement, For the 
4-metre thick Beulah-Zap Bed, this storativity represents a specific 
storage of 1.25 x 10-4 m-1 which is approximately only twice the mean 
value reported by Rehm et al. (1980). The combination of hydraulic 
parameters used in the hydrologic impacts of mining simulations was 
varied depending on the impact being modeled as described below. 
One of the objectives of the groundwater flow modeling was to 
predict the inflow of water to the box-cut pit. Prediction of 
groundwater inflows to pits is a necessary part of mine-plan develop-
ment because any water pumped from the pits must be passed through 
sedimentation ponds prior to discharge from the mining area. Sediment 
pond design therefore must account for both anticipated surface-water 
runoff and groundwater inflows. 
The model grid was set up to include the southern one-third of 
the north-south box-cut pit (see Plate 1 and Figure 3). This area was 
of greater modeling interest than the northern two-thirds because 
there is a topographic high in the Beul ah-Zap Bed at this point and 
water from the southern one-third of the pit will flow or be pumped to 
the south where it will be necessary to design an incised sediment 
pond to accommodate it. Throughout most of the northern two-thirds of 
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the box-cut pit the Schoolhouse Bed is not present and the Beulah-Zap 
Bed is less than half saturated. Therefore, groundwater management in 
the northern portion of the pit is not expected to present any 
problems. Any future references ta "box-cut pit" with regard to 
groundwater flow modeling refer to the southern one-third of the 
box-cut pit. 
Groundwater inflows from the Schoolhouse and Beulah-Zap Beds were 
simulated by adding input for the Drain Package to the calibrated 
model. The cells formed by rows 1-6, column 4 (see figure 4), which 
represent the location of the box-cut pit, wel.'e assigned as drains, 
with the elevation of the bottom of the coal being set as the bottom 
elevation of the drain. The inflows from the Schoolhouse and Beulah-
Zap Beds were modeled separately because the output from the Drain 
Package does not distinguish separate sources and it was desirable to 
be able ta distinguish the effects of changing the hydraulic para-
meters of each bed separately. 
The maximum rate of groundwater inflow was estimated by assuming 
that the box-cut put is established instantaneously at day 1 of the 
simulation when heads, and therefore flow volume, are greatest, In 
practice, it is expected that it will probably take between 90 and 120 
days to excavate the box-cut pit with scrapers, and this maximum rate 
will be conservatively large. 
The maximum rate of inflow from the Schoolhouse Bed was simulated 
using a hydraulic conductivity of 1 x 10-5 m·s-1, a storativity of 
0.005 and a specific yield of 0.07. These values produced a rate of 
inflow to the box-cut pit of7.22 m>·day-1 or 8.35 x 10-2 L•a-1 {1,32 
gpm), By days 120 and 300 the flow !.'ates had been reduced to 5 .18 
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m-3,day-1 (0.95 gpm) and 4.02 m3·day-1 (0.74 gpm), respectively. 
The maximum rate of inflow from the Beulah-Zap Bed was simulated 
using a hydraulic conduc·tivity of 5 x 10-8 m·s-1, a storativity of 
o.005 and a speci fie yield of 0.07. These numbers produced a rate of 
inflow to the box-cut pit of 2.4 x 10-1 m3·day-1 or 2.8 x 10-3 L•s-1 
(0.04 gpm). By day 300 this flow was reduced to 2.2 x 10-1 m3•day-1. 
Because of the small inflows to the box-cut pit which these worst-case 
(maximum inflow) simulations produced, no additional simulations were 
run to predict inflows. 
The second major objective of the groundwater flow modeling was 
to predict possible short-term impacts to present groundwater users 
which may result from lowered water levels due to mining. Figure 4 
shows the model grid locations of the known water sources, 4 wells and 
a spring-fed stock pond, which are close enough to the proposed pits 
to be of concern. These are also shown on Plate 1. 
The maximum short-term drawdowns in the Beulah-Zap Bed caused by 
mining were modeled by assuming that either all cells in row 6, 
columns 4 thru 15, or all cells in column 4, rows 1 thru 6, were 
acting as drains at some point in time prior to the establishment of a 
base-of-spoil aquifer. The cells in column 4, rows 1 to 6 represent 
the drain effect of the unresaturated box-cut pit which should have 
the maximum short-term impact on the wells in cell [6,2] (Figure 4). 
The cells in row 6, columns 4 to 15 represent the drain which would be 
created if the southern 60 metres of the mined out north-south pits 
(see Plate 1) remained unsaturated throughout the entire mining 
process; this drain configuration represents a conservative (mm<imum 
impact) approach for the wells and stock pond in the southern portion 
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of the model grid, 
The worst-case shoTt-term impacts to the stock pond at cell 
[10,8] and the farm well at cell (12,11] were modeled using the drain 
system described above with an assumed Schoolhouse Bed hydraulic 
conductivity of 1 x 10-6 m·s-1 and storativity of 0.0001. The 
cunulative simulation times were 120, 300 and 660 days; for these 
times, the projected drawdowns at the stock pond were 1,65, 1.79 and 
1,31 metres, respectively, Drawdowns at the farm well were 1.91, 2.04 
and 1.38 metres. 
Given the projected mining and reclamation schedule, however, 
which calls for approximately two pits per year to be mined and a 
similar number regraded, this projected worst-case simulation is 
probably exaggerated, Because it is unlikely that all the previously 
modeled 12 drain cell would be operative simultaneously, the model was 
re-run using only row 6, columns 7 thru 12 as drain cells. The 
hydraulic parameters and time periods were kept the same and for this 
simulation the projected drawdowns were reduced to 0.82, 1.25 and 1.01 
metres at the stock pond and 0.71, 1.30 and 1.06 metres at the farm 
well. 
The worst-case short-term impacts to the farm well screened in 
the Beulah-Zap Bed at cell (10,13] were simulated using drain cells in 
row 6, columns 4 to 15 with the base of the drain set at the elevation 
of the base of the Beulah-Zap Bed in those cells. The head changes 
produced by this drain model were simulated for 120, JOO and 660 days 
using a hydraulic conductivity of 1 x 10-8 m·s-1, a storativity of 
0.0005, and a specific yield of 0.07. 
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None of the heads simulated with the drain in place diffe,ed by 
as much as 0.1 metre from. those which were produced by the calibration 
run with no drains in place. This is probably because the Beulah-Zap 
Bed is dry, and a large number of cells in the area of potential 
mining disturbance have been designated as no-flow cells for the 
Beulah-Zap Bed. Therefore, the effects of the addition of the 
specified drain cells is masked. 
The maximum short-term drawdowns at the farm well screened in the 
Schoolhouse Bed, which is located in cell [6,2], were modeled using 
two di ffere:it drain systems to simulate the effects of mining. The 
First modeled drain system included only rows 1 to 6 of column 4 
(Figure 4) which represents the drain effect produced by the box-cut 
pit only. The second modeled drain system included rows 1 to 6 of 
colunns 4, 5, 6· and 7; this was intended to simulate the drain which 
might be produced if no grading of spoils was accomplished during the 
first two years of mining. 
Both simulations produced almost identical maximum predicted 
drawdowns of 0,3 metres at cell [6,2], although the single-column 
drain maximum drawdown occurred at 300 days and the 4 column drain 
maximum occurred at 660 days. Also, the larger drain produced slightly 
larger drawdowns throughout the remainder of the model grid although 
the total predicted drawdown near the fringes of the model grid 
usually did not exceed O.J·metres for the 660-day simulation time. The 
hydraulic conductivity and storativity values. used for this portion of 
the impact modeling were 1 x 10-6 and 0,005, respectively. 
Possible water-level drawdowns at the farm well screened in the 
Beulah-Zap Bed in cell [6,2] were modeled using the box-cut drain and 
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a hydraulic: c:onduc:tivity of 1 x 10-B m•s-1, a storativity of 0.0005, 
and specific yield of 0.07. Using these parameters, the predic:ted 
head values at c:ell [6,2], and throughout the remainder of the grid as 
well did not differ from those produced by the calibration simulation. 
The final objective of the groundwater flaw modeling was to 
predict the lang-term effects which mining would have on groundwater 
levels within the modeled area. Because the previous simulations had 
shown that the mining of the Beulah-Zap Bed in the study area would 
not produce drawdowns beyond the actual mine pits, the long-term 
effects of the mining of the Beulah-Zap Bed on groundwater levels were 
not modeled. 
The long-term mining impacts on water levels in the Schoolhouse 
Bed were modeled, however, In this case the aquifer will be removed 
forever within the area of mining and replaced with spoils. Therefore, 
the anticipated long-term impacts are changes in water levels outside 
the mined-out area caused by di fferenc:es between the horizontal and 
vertical hydraulic conductivities of the aquifer/aquitard system and 
the spoils. 
Prior to attempting to model these possible impacts, it was 
necessary to calibrate the model for the longer periods of interest in 
the post-mining setting. This was accomplished by running the model 
for cumulative simulation times of 10, 25 and 100 years and comparing 
the input and predicted head values, A hydraulic: conductivity of 1 x 
10-6 m•s-1 and a storativity of 0,0001 were assumed for the School-
house Bed. These parameters produced a difference between input and 
predicted head values of only about O.J metres for the 100-year 
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of this study. 
Because the reduced vertical hydraulic conductivity in the mined-
out area would result in the lowering of water levels in the unmined 
Schoolhouse Bed, a conservatively high uniform hydraulic conductivity 
of 1 x 1 o-8 m • s-1 was assigned to the spoils. This is 4 orders of 
magnitude greater than the vertical hydraulic conductivity assigned to 
the aquitard materials underlying the Schoolhouse Bed in unmined 
areas. 
The model was run using the previously described hydraulic 
parameters and cumulative simulation times of 10, 25 and 100 years; 
these simulations produced uniform drawdowns throughout the unmined 
portions of the model area of O.J, 0,5 and 1.2 metres for the 
respective simulation times, These drawdowns however, are 
conservatively large because the McDonald-Harbaugh model assumes a 
no-flow boundary at the boundaries of the model grid. Realistically, 
it can be expected that the modeled area will be receiving lateral 
inflow from the Schoolhouse Bed beyond the modeled area. 
To account for this source of spoils resaturation the General-
Head Boundary Package was added to the model. The input for this 
package assumed a constant head recharge source of 613,25 metres 
located J05 metres south of row 15, columns 1 through 15 (Figure 4). 
The model was re-run with this general head boundary and for this 
simulation no drawdown was ·produced within the model grid at 10, 25 or 
100 years. 
ti , , 
!'·' 
....-----·-- ·-- ·-
DISCUSSION AND CONCLUSIONS 
Stratigraphy 
Test hole drilling within the study area encountered all or parts 
of four correlative sedimentation intervals in the Paleocene upper 
Sentinel Butte formation. These intervals, consisting primarily of 
fine-grained elastic sequences capped by a laterally persistent 
lignite bed from which the interval takes its name, are, from youngest 
to oldest, the Twin Buttes, Schoolhouse, Beulah-Zap and Spaer 
intervals. Portions of the Antelope Creek interval and possibly 
Kinneman Creek interval appear to be present in the deeper test holes, 
but were not correlated. 
At the present time, some controversy exists concerning the 
depositional setting of these sediments. The marine-deltaic model of 
Jacob (1976) which was the prevailing interpretation throughout the 
late 1970's and early 1980's is being supplanted by the alluvial plain 
model of Belt et al. (1984) and Daly et al. (1985) which is presently 
coming into favor. 
This study establishes the stratigraphic position and lithologic 
character of several regionally important lignite intervals within the 
study area. This in formation, if incorporated into future studies, 
should aid in the interpretation of the paleoenvironmental conditions 
in the upper fort Union Group in the Williston Basin as proposed.by 
Daly et al. (1985, p. 182) by helping to delineate the stratigraphic 
framework and providing information for the interpretation of facies 







Impacts on the Near-Surface Environment 
Concern over the possible impacts of mining on the near surface 
(upper few metres) environment is focused on the potential for surface 
mining activities to produce changes in the existing lanqscape 
equilibriun which would have deleterious effects on the long-term 
biological productivity. Dragline surface mining, as proposed for the 
West Brush Creek Development Area, produces a landscape which is in 
disequilibrum by placing unoxidized sediments from below the pre-
mining water table into the near-surface oxidizing environment. At the 
same time, sediments which were in the oxidizing portion of the 
pre-mining landscape often end up at the base of the spoil pile in the 
pit bottom (Winczewski, 1977}. 
The emplacement of unoxidized sediments in the oxidizing near-
surface environment increases the potential reactivity of the 
landscape with regard to the pore-water chemistry-controlling 
reactions i.e., sulfide oxidation, sulfate precipitation/dissolution, 
and cation exchange, as previously discussed (Groenewold and Koob, 
1984). This, in turn, produces the potential for the generation of 
highly mineralized pore water in the near-surface landscape, depending 
on the site-specific chemistry, texture, and mineralogy. 
Considerable field and laboratory research has been conducted in 
the North Dakota lignite mining region during the past decade in an 
attempt to establish relationships between the properties of the spoil 
underlying re spread soils on reclaimed surface-mined land, and 
post-mining biological productivity (Doll et al., 1984). Much of this 
research has focused on depth of soil replacement. This has resulted 
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in specific recommendations from the United States Department of 
Agriculture, Agricultural Research Service's Northern Great Plains 
Research Center for optimum topsoil and subsoil replacement depths, 
depending on the spoil properties texture, electrical conductivity 
(EC) and SAR (Doll et al., 1984). These suggested guidelines are 
summarized in Table 7. 
High exchangeable sodium, as measured by SAR, is the most 
deleterious chemical factor in spoils in North Dakota (Doll, 1986). 
Early research (Power, et al., 1979) into the movement of sodium in 
reclaimed soils/spoils profiles indicated that sodium was moving 
upward into respread soil materials at shallow depths of soil 
replacement (5 to JO cm). More recent research, however, based on 
nearly 10 years of post-reclamation documentation, has demonstrated 
that the predominant movement of sodium in reclaimed soils/spoils 
profiles in western North Dakota is downward; where upward sodium 
migration was noted it was confined to the first few centimetres above 
the soil/spoil interface (Halvorson, 1984; Holmes, 1985; Merrill et 
al., 1983). 
In summary then, the preponderance of current research suggests 
that when 122 cm or more of topsoil and subsoil is respread over 
dragline-cast spoils there will be no long-term deleterious effects on 
post-mining vegetation or crop establishment, regardless of the 
chemical and physical properties of the spoil. Where less than this 
optimum amount of soil material is available for respread, the SAR and 
texture of the underlying spoil material need be considered. In this 
connection, the greatest area of uncertainty and need for future 
research concerns the relationship of pre-mining overburden 
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Table 7 












1/ Sandy loam or coarser 
2/ Loam or finer 
3/ Not applicable, SAR dominant property 
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characterization to post-mining near-surface spoils properties. If 
topsoil and subsoil removal depths are to be based on the chemical and 
physical properties of the spo.ils which underlie them in the post-
mining landscape, as is currently being suggested (Doll et al., 1984; 
Doll, 1986), these properties must be predicted based on pre-mining 
overburden characterization. 
/ 
Several key questions must be addressed, These include: What 
methods should be used to analyze the pre-mining overburden 
characterization data, which generally consists of texture, EC and SAR 
analyses of samples taken at 1.5-metrn intervals from th~-·lfur face to 
the top of the target coal seam, as presented here in Appendix C? Does 
the arithmetic mean for each pre-mining sampling location, as 
presented in Table 1, represent the chemical and textural properties 
of the overburden which will occupy the upper few metres in the 
post-mining landscape? Or, should this average somehow be weighted to 
account for the fact that materials from the lower portion of the 
overburden column are more likely to end up near the surface of the 
graded spoils? If so, how? Studies of reclaimed tracts with 
available pre-mining overburden quality data are needed to answer 
these questions. 
The data available for the study area (Table 1; Appendix C) 
suggest that the chemical and physical properties of the overburden 
differ in the southern and northern parts of the area. In Sections 
15, 16 and 17 the o.verburden is coarse-grained (sandy loam or coarser) 
and non-sodic (SAR <12). In Sections 20, 21 and 22 the overburden is 
predominantly fine-grained and moderately sodic (SAR 12-20) to sodic 
( SAR )20). These differences, however, should not affect reclamation 





planning for those parts of the area which ar~ scheduled ta be mined. 
The Knife River Coal Mining Company has inventoried the available 
soil resources within the study area and found that the average soil 
thickness is 142 cm. This material will be removed, stockpiled and 
respread following the grading of the cast-spoils; with a total 
respread depth of 142 cm, the biological productivity of the 
post-mining landscape will not be adversely affected. 
Qualitative and Quantitive Impacts on Groundwater 
As in the pre-mining setting, the quality of groundwater in areas 
of mined-out spoil will depend on the hydrogeochemical reactions 
between the water which has saturated the spoils and the materials 
through which that water has passed. Research into the rates and 
mechanisms of spoils saturation in the post-mining landscape has only 
just begun in North Dakota; in fact, several questions remain 
unanswered regarding the mechanisms, distribution and rate of 
groundwater recharge in the pre-mining setting (Rehm et al., 1982). 
There is little dispute that dragline strip mining, as it is 
commonly practiced in western North Dakota, tends to create a blocky 
rubble zone at the base of the mined-out pit and that the water levels 
and hydraulic conductivity of this zone tend to approximate those of 
the coal which it replaced (Winczewski, 1977; Rehm et al., 19BO; 
Groenewold et al., 1983; Houghton et al., 1984). Also, the data that 
do exist on the re-establishment of aquifers in mined-out spoils, and 
the quality of water in those aquifers suggests that the observed 
water quality can be explained using the hydrogeochemical model 
... 
"' :II! 
" ., ., 
"' 




summarized above ( Groenewo ld et al., 1983). There fore it should be 
possible to predict the quality of water which will develop after 
mining if the controlling variables area known in advance, 
One of the main controlling variables is the mechanism of spoils 
saturation. In the post-mining setting the two major sources of water 
available to saturate the spoils are groundwater recharge and lateral 
inflow from either adjacent unmined coal or adjacent pits. At the 
present time there is insufficient evidence from a variety of 
reclaimed landscapes to favor one mechanism of spoils saturation over 
another. It is likely that both mechani~111s are currently operating 
and that their relative importance varies between and even within 
mines, depending on the site-specific hydrology. 
Groenewo ld et al., ( 1983) cite evidence from upland areas of the 
Center and Indian Head Mines which shows that the source of ground-
water in those spoils is vertical infiltration (groundwater recharge). 
If this is the case, the resulting spoils water quality can be 
expected to be determined by unsaturated zone processes, as in the 
pre-mining setting. The emplacement of unoxidized overburden in the 
near-surface oxidizing environment will increase the potential for 
sulfide oxidation when air becomes trapped in the dragline-cast 
spoils. This in turn initiates the eye le of sulfate salt 
precipitation/dissolution and cation exchange on clays and results in 
increased mineralization of the groundwater in the spoils relative to 
the pre-mining setting, Groene wold et al. ( 1983) found that ground-
water in spoils at their study site was typically two to three times 
as mineralized as before mining, with the enrichment due primarily to 






Houghton et al. (1984}, who studied spoils in the lowland 
settings at the Gascoyne Mine, also found the groundwater in the 
spoils approximately twice as mineralized as before mining. This 
enriched mineralization was caused by an increase in the calcium, as 
well as, sodium and sulfate concentrations; they postulated that this 
was caused by in situ geochemical reactions between water from 
adjacent pits and unmined coal which had saturated the spoils, and 
materials in the mined-out pit bottom. The source of solutes in this 
setting is soluble salts concentrated in the upper portion of the 
overburden profile and displaced to the pit bottom during mining 
(Houghton et al., 1984). 
These site-specific differences in the hydrogeology and hydro-
geochemistry of the saturated spoils are the result of differences in 
the hydrogeologic setting of the study areas. Groenewold's study was 
conducted at the Indian Head and Center Mines which are predominantly 
upland settings where potentiometric heads within the coal are often 
low, and groundwater recharge is expected to be the dominant mechanism 
of spoils saturation (Groenewold et al., 1979; 1983). In contrast, 
the Gascoyne Mine occupies a lowland near the discharge area of an 
intermediate flow system, downgradient from an upland recharge area 
(Houghton et al., 1984}. In this setting the high potentiometric head 
in the unmined upgradient coal makes this a likely source of water for 
spoils saturation. 
Hydrogeologically, the West Brush Creek Development Area is much 
like the upland settings of the Indian Head and Center Mines. Physio-
graphically, the study area is part of a broad, gently rolling upland 
bounded by Coyote Creek, Brush Creek and the Knife River. Parts of 
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this upland are probably areas of groundwater recharge, and the study 
area itself is a "recharge" area in the sense that hydraulic head 
decreases with depth. It is unlikely, however, that much groundwater 
recharge takes place within the study area itself. 
An investigation into the precise mechanisms and magnitude of 
groundwater recharge within the study area was beyond the scope of 
this investigation. Several factors, though, suggest that the most 
likely sources of water for spoils saturation are the unmined School-
house and Beulah-Zap Beds to the south and west of the proposed mining 
area. Rehm et al. (1982) have discussed the importance of 
depression-focused recharge in upland areas of western North Dakota. 
The sloughs and smaller depressions which do exist within the study 
area (Plate 1) are located to the south of the proposed mining area. 
Also, small permanent and intermittent sloughs are scattered over the 
uplands for several kilometres ta the south o,f the study area; many of 
these sloughs are formed where slack lignite intersects the land 
surface. The high patentiametric levels in the southern part of the 
study area would suggest that these areas are, in fact, areas of 
groundwater recharge. In the western part of the study area, the high 
potentiometric levels at well 959 and the springs issuing from a sandy 
unit in the Schoolhouse interval suggest that these areas are, or at 
least are near, recharge areas. These factors and the presence of a 
saturated Schoolhouse Bed, often with a confined potentiometric head, 
underlain by a dry to partially saturated Beulah-Zap Bed, indicate 
that there is probably little groundwater recharge within the study 
area, especially within that part scheduled for mining. 
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The results of the computer simulations presented above have 
shown that the water levels in the Schoolhouse and Beulah-Zap Beds 
beyond the mine pits will be virtually unaffected by mining and that 
the proposed mining will not result in any long-term' ~.egative water 
quantity impacts to known water users within the area, The maximum 
projected short-term drawdowns of approximately 1 metre were 
predicted in the area of the farm well and stock pond in the SW1/4 of 
Section 21 (Plate 1); when lateral inflow from outside the modeled 
area was considered these drawdowns were not predicted. 
The validity of these modeling predictions is difficult to assess 
at the present time. Assumptions have been made regarding hydraulic 
parameters and boundary conditions which may, or may not, be 
justified. Likewise, the applicability of this entire modeling 
approach to the prediction of the quantitative impacts of mining on 
the groundwater system has yet to be established. The true 
significance of this study is that it establishes baseline values for 
comparison with the observed pit-water inflows and water level 
drawdowns during mining. This will allow an assessment of the 
accuracy of the pre-mining predictions, and refinement of the model 
for use in future studies. 
The spoils in the mined-out pit bottom should resaturate within a 
few years and water levels should approach pre-mining levels. Water 
levels towards the southern end of the mined-out pit may be increased 
somewhat due to increased vertical permeability of the sediments 
adjacent to. the unmined Schoolhouse Bed,.although this may be offset 
by loss of vertical leakage from the rest of the mined area where the 
Schoolhouse Bed has been permanently removed. 
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Because lateral inflow from adjacent unmined lignite will be the 
primary mechanism of spoils saturation (see Figure 11) in situ 
geochemical processes should be largely responsible for the ground-
water quality in the young spoils, This water should resemble the Na+ 
- HC03-, 5042- type found in the Beulah-Zap Bed, modified by the 
hydrogeochemical processes of the spoils setting as described above. 
This water should have a TDS of about 4000 to 6000 mg/L, compared to 
an average of 2340 mg/L before mining, Thia increase will be caused 
by enrichment in ca2+, Mg2+, Na+ and 5042-. The dissolution of 
soluble salts (primarily gypsum) displaced from the upper several 
metres of the pre-mining landscape to the pit bottom will likely cause 
the ca2+ + Mg2+ / Na+ ratio to decrease somewhat, although the effect 
will be moderated by the cation exchange process and Na+ will remain 
the dominant cation. Likewise, gypsum dissolution will cause the 
5042- / HC03- ratio to increase compared to the pre-mining setting. 
SodiLlll and sulfate concentrations on the order of 1000 and 2000 mg/L, 
respectively, can be expected to develop in the spoils groundwater. 
Because groundwater recharge through to spoils will probably be 
negligible, the post-mining groundwater quality can be expected to 
improve following an initial flush of soluble salts. Houghton et al. 
(1904) have estimated that this will require that one pore-water 
volune move through the resaturated spoil and that this will take 
about 120 years. lt will take even longer for this water to 
completely pass through to. mined areas, so that this post-mining, high 
IDS water will be found in the West Brush Creek Development Area for a 
few to possibly several hundreds of years. 







Continued sampling of the in-place monitoring well network 
combined with further instrumentation and sampling could yield much 
useful information on the hydrogeology and hydrogeochemistry of 
post-mining landscapes. Much of this work will be undertaken by the 
Knife River Coal Mining Company in order to ful Fill the regulatory 
requirements of its coal mining permit. Groundwater levels and quality 
will continue.to be monitored for at least the next few tens of years. 
The water level data, combined with information on the volune of 
water pumped from the pits, could be used to evaluate the effective-
ness of the groundwater modeling aspect of this study in predicting 
pit-water inflows and mining-induced water level drawdowns. 
Water quality analyses from monitoring wells in undisturbed 
settings will help document the off-site effects of increased spoils 
water mineralization; piezometers installed in the spoils will allow 
for the sampling of water from the saturated spoils. Water level data 
from the spoils piezometers will provide information on the rate of 
spoils saturation, while oxygen and hydrogen isotope analyses of the 
spoils water would be helpful for identifying the mechanism(s) of 
spoils resaturation. 
Sampling of the graded spoil prior to the spreading of soil 
materials wi 11 provide data which could be used to assess the 
effectiveness of the pre-mining overburden sampling program in 
characterizing the post-mining near-surface landscape. The 
installation of neutron-probe access tubes and pressure-vacuum 
lysimeters would facilitate additional direct measurement of 







c:: ··-· .. -.. -· ·• :• 
c: ...... ,.. 
·-· ....... ~-"'·-·-•• c: :a: ;::i 
:=a• .. 
90 
Figure 11, Diagramatic cross sections showing spoils saturation 
by lateral inflow from unmined coal. 
a. Pre-mining potentiometric levels and groundwater 
flow directions. 
b. Potentiometric drawdowns and groundwater flow 
di.rections during first several months of mining. 
c. Potentiometric levels and flow directions in coal 
and newly established spoils aquifer approximately 
3 to 5 years after the start of mining. 
... ----------------------------------------------- -· 
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near-surface water movement and pore-water chemical characteristics in 
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APPENDIX A 
MONITORING WELL AND PIEZOMETER COMPLETION SUMMARIES 
(See Plate 4 for locations) 
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WELL COMPLETION SUMMARY 
-=----=~===========~=== 
WELL ID: 957 OWNER: KNIFE RIVER COAL 
WELL LOCATION: l43N88W2lBBB MERCER CO. DATE: 09/17/79 
COORDINATE l: S 5,343.93 COORDINATE 2: W 15,703.52 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY 
DEPTH DRILLED: 48.7 METRES 
BIT SIZE: 12.06 CENTIMETRES 




















WASHDOWN VALVE: NO 
SAND TYPE: NONE 
PACKED FROM: 









44.1 METRES ====> TO: 47.8 
FORMATION PACKERS: YES 
TREMIED: NO 
METRES====> TO: 










WELL COMPLETION SUMMARY 
WELL ID: 959 OWNER: KNIFE RIVER COAL 
WELL LOCATION: l43N88W20BAA MERCER CO. DATE: 09/18/79 
COORDINATE 1: S 5,320.75 COORDINATE 2: W 18,404.97 
DRILLING COMPANY: WATER SUPPLY INC, 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 24. 3 METRES 




















WASHDOWN VALVE: NO 
SAND TYPE: NONE 
PACKED FROM: 








17.0 METRES ====> TO: 20.1 
FORMATION PACKERS: YES 
TREMIED: NO 
METRES====> TO: 
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WELL COMPLETION SUMMARY 
==-==================== 
WELL ID: 966 OWNER: KNIFE RIVER COAL 
WELL LOCATION: 143N88Wl6DAC MERCER CO. DATE: 09/17/79 
COORDINATE 1: S 3,773.61 COORDINATE 2: W 11,758.75 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 27.4 METRES 


























18.8 METRES ====> TO: 22.5 
WASBDOWN VALVE: NO 
SAND TYPE: NONE 
PACKED FROM: 
FORMATION PACKERS: YES 
TREMIED: NO 
METRES====> TO: 
GROUT SEAL TYPE: NONE BACKFILL TYPE: CUTTINGS 
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WELL COMPLETION SUMMARY 
__ ;_========· =========-
WELL ID: 1009 OWNER: KNIFE RIVER COAL 
WELL LOCATION: 143N88W21BDD MERCER CO. DATE: 09/17/79 
COORDINATE 1: S 6,454.05 COORDINATE 2; W 15,705.07 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY 
DEPTH DRILLED: 30.4 METRES 
BED SCREENED: SPAER SAND 
ELEVATION OF 
BIT SIZE: 12.06 CENTIMETRES 
WELL HEAD: 
GROUND: 
















WASHDOWN VALVE: NO 
SAND TYPE: NONE 
PACKED FROM: 








25.2 METRES ====> TO: 28.3 
FORMATION PACKERS: YES 
TREMIED: NO 
METRES====> TO: 
BACKFILL TYPE: CUTTINGS 
METRES 
METRES 
' ' ' 
-
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WELL COMPLETION SUMMARY 
WELL ID: 1078 OWNER: KNIFE RIVER COAL 
WELL LOCATION: I43N88Wl6DAC MERCER CO. DATE: 10/11/79 
COORDINATE l: S 3,424.87 COORDINATE 2: W 11,274.58 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 16.7 METRES 


























12.l METRES ====> TO: 16.7 
WASHDOWN VALVE: NO 
SAND TYPE: NONE 
PACKED FROM: 
FORMATION PACKERS: YES 
TREMIED: NO 
METRES====> TO: 
GROUT SEAL TYPE: NONE BACKFILL TYPE: CUTTINGS 
COMMENTS: PIPE BROKEN AUGUST 1985 
METRES 
METRES 
•• . ' • ' .. 
J 







WELL COMPLETION SUMMARY 
======================= 
WELL ID: 1358 OWNER: KNIFE RIVER COAL 
WELL LOCATION: 143N88W21BCB MERCER CO. DATE: 09/05/84 
COORDINATE 1: S 7,021.25 COORDINATE 2: W 15,701.87 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY 
DEPTH DRILLED: 23.0 METRES 
BED SCREENED: BEULAH-ZAP BED 
ELEVATION OF 

























19.5 METRES ====> TO: 22.5 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 23.0 METRES====> TO: 18.8 





WELL COMPLETION SUMMARY 
=-==============-==-=== 
WELL ID: 1359 OWNER: KNIFE RIVER COAL 
WELL LOCATION: 143N88Wl6CCC MERCER CO. DATE: 09/05/84 
COPRDINATE 1: S 5,183.00 COORDINATE 2: W 15,699.98 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 27.l METRES 


























24,0 METRES ====> TO: 27.l 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 27.l METRES====> TO: 23.l 













WELL COMPLETION SUMMARY 
WELL ID: 1360 OWNER: KNIFE RIVER COAL 
WELL LOCATION: 143N88Wl6CCB MERCER CO. DATE: 09/06/84 
COORDINATE l: S 39,999.89 COORDINATE 2: W 15,713.06 
DRILLING COMPANY: WATER SUPPLY INC, 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 23,l METRES 


























19.8 METRES ====> TO: 22.8 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM:. 22.8 METRES ====> TO: 18.5 





WELL COMPLETION SUMMARY 
===:==::::-----=======:· 
WELL ID: 1371 OWNER: KNIFE RIVER COAL 
WELL LOCATION: 143N88Wl6DBA MERCER CO. DATE: 09/07/84 
COORDINATE 1: S 2,916.76 COORDINATE 2: W 12,428.82 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 21.6 METRES 


























18.2 METRES ====> TO: 21.3 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 21.6 METRES====> TO: 17.6 










WELL COMPLETION SUMMARY 
==--==~=====~==--------
WELL ID: 1372 OWNER: KNIFE RIVER COAL 
WELL LOCATION: l43N88Wl6DAC MERCER CO. DATE: 09/07/84 
COORDINATE 1: S 3,772.28 COORDINATE 2: W 11,743.80 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 4.8 METRES 


























3.3 METRES ====> TO: 4.5 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
PACKED FROM: 
FORMATION PACKERS: YES 
TREMIED: YES 
4.8 METRES====> TO: 2.7 











WELL COMPLETION SUMMARY 
WELL ID: 1373 OWNER: KNIFE RIVER COAL 
WELL LOCATION: l43N88W16CDD MERCER CO. DATE: 09/06/84 
COORDINATE 1: S 4,752.44 COORDINATE 2: W 13,296.14 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY 
DEPTH DRILLED: 21.3 METRES 
BED SCREENED: BEULAH-ZAP BED 
ELEVATION OF 

























17.6 METRES ====> TO: 20.7 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 21.3 METRES====> TO: 16.4 




' I .. .. .. 
106 
WELL COMPLETION SUMMARY 
WELL ID: 1394 OWNER: KNIFE RIVER COAL 
WELL LOCATION: l43N88W21BCB MERCER CO. DATE: 09/20/84 
COORDINATE 1: S 7,029.73 COORDINATE 2: W 15,702.91 
DRILLING COMPANY: WATER SUPPLY INC, 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 6.0 METRES 


























4.2 METRES ====> TO: 5.7 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
PACKED FROM: 
FORMATION PACKERS: YES 
TREMIED: YES 
6.0 METRES====> TO: 3.6 














WELL COMPLETION SUMMARY 
WELL ID: 1395 OWNER: KNIFE RIVER COAL 
WELL LOCATION: l43N88Wl6DBB MERCER CO. DATE: 09/20/84 
COORDINATE 1: S 4,426.96 COORDINATE 2: W 11,226.55 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 9,1 METRES 


























7.6 METRES ====> TO: 9.1 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
PACKED FROM: 
FORMATION PACKERS: YES 
TREMIED: YES 
9.1 METRES====> TO: 7.0 





• • • 
• .. 
' :I 1" 
' ' 
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WELL COMPLETION SUMMARY 
======================= 
WELL ID: 1440 OWNER: KNIFE RIVER COAL 
WELL LOCATION: l43N88W21DAA MERCER CO. DATE: 06/06/85 
COORDINATE 1: S 8,528.60 COORDINATE 2: W 10,558.10 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY 
DEPTH DRILLED: 49.9 METRES 
BED SCREENED: SPAER BED 
ELEVATION OF 

























48.7 METRES ====> TO: 49.8 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 49.9 METRES====> TO: 48.4 







WELL COMPLETION SUMMARY 
======================= 
WELL ID: 1441 OWNER: KNIFE RIVER COAL 
WELL LOCATION: 143N88W21DAA MERCER CO. DATE: 06/06/85 
COORDINATE 1: S 8,528.50 COORDINATE 2: W 10,568.30 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 46.9 METRES 


























43.5 METRES ====> TO: 46.9 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 46.9 METRES====> TO: 43.2 









' J 'Q 
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WELL COMPLETION SUMMARY 
======================= 
WELL ID: 1442 OWNER: KNIFE RIVER COAL 
WELL LOCATION; 143N88W21CAA MERCER CO. DATE: 06/06/85 
COORDINATE 1: S 8,492.10 COORDINATE 2: W 13,568.90 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED; ROTARY 
DEPTH DRILLED: 39.6 METRES 
BED SCREENED; SPAER BED 
ELEVATION OF 

























38.5 METRES ====> TO: 39.4 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 39.6 METRES====> TO: 38.1 










WELL COMPLETION SUMMARY 
-----=========---====== 
WELL ID: 1443 OWNER; KNIFE RIVER COAL 
WELL LOCATION: 143N88W21CAA MERCER CO. DATE: 06/06/85 
COORDINATE 1: S 8,490.60 COORDINATE 2: W 13,578.80 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 35.6 METRES 


























32.3 METRES ====> TO: 35.6 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 35.6 METRES====> TO: 32.0 







WELL COMPLETION SUMMARY 
WELL ID: 1444 OWNER: KNIFE RIVER COAL 
WELL LOCATION: 143N88W21CAA MERCER CO. DATE: 06/07/85 
COORDINATE 1: S 8,488.70 COORDINATE 2: W 13,589.70 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY 
DEPTH DRILLED: 17.0 METRES 
BIT SIZE: 12.06 CENTIMETRES 


























15.8 METRES ====> TO: 17.0 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 17.0 METRES====> TO: 15.5 









WELL COMPLETION SUMMARY 
WELL ID: 1445 OWNER: KNIFE RIVER COAL 
WELL LOCATION: 143N88W16DDD MERCER CO. DATE: 06/07/85 
COORDINATE l: S 5,179.30 COORDINATE 2: W 10,553.80 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 34.l METRES 


























34.4 METRES ====> TO: 36,8 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
fORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 36.8 METRES====> TO: 34.l 









WELL COMPLETION SUMMARY 
WELL ID: 1446 OWNER: KNIFE RIVER COAL 
WELL LOCATION: l43N88W21BDA MERCER CO. DATE: 06/07/85 
COORDINATE 1: S 6,654.00 COORDINATE 2: W 13,140.00 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY 
DEPTH DRILLED: 28.0 METRES 
BED SCREENED: BEULAH-ZAP BED 
ELEVATION OF 

























24.0 METRES ====) TO: 27.7 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 28.0 METRES====) TO: 23.7 





WELL COMPLETION SUMMARY 
===~=================== 
WELL ID: 1447 OWNER: KNIFE RIVER COAL 
WELL LOCATION: 143N88W21BDA MERCER CO. DATE: 06/07/85 
COORDINATE l; S 6,664.60 COORDINATE 2: W 13,140.00 
DRILLING COMPANY: WATER SUPPLY INC. 
METHOD DRILLED: ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 10.3 METRES 


























9.6 METRES ====> TO: 10.3 
WASRDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 10.3 METRES ====> TO: 9.1 







WELL COMPLETION SUMMARY 
WELL ID;. 1448 OWNER; KNIFE RIVER COAL 
WELL LOCATION: 143N88W21BCD MERCER CO. DATE; 06/10/85 
COORDINATE l: S 7,528.30 COORDINATE 2: W 15,003.40 
DRILLING COMPANY: WATER SUPPLY INC, 
METHOD DRILLED; ROTARY BIT SIZE: 12.06 CENTIMETRES 
DEPTH DRILLED: 10.9 METRES 


























9,4 METRES ====> TO; 10. 8 
WASHDOWN VALVE: NO 
SAND TYPE: SILICA SAND 
FORMATION PACKERS: YES 
TREMIED: YES 
PACKED FROM: 10.9 METRES====> TO: 8.8 





DESCRIPTIVE LOGS OF STRATIGRAPHIC TEST HOLES 
(See Plate 4 for locations; all depths in metres) 
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HOLE I 952 
Depth Description 
----------
o.o- 0.6 Sand.fine to 1ediu1 
0.6- l.5 Clay silty,till,yellowish brllllll 
J.S- 2.4 lignite 
2.4- 3.9 Clay, sandy, silty, yell011ish brll!ill 
3.9·19.5 Clay, silty, 111!diu1 gray 
19.5-23.3 Lignite 
23.3-27.4 Clay, silty, 1ediu1 gray 
HOLE I 9S4 
Depth Description 
------
0.0- 0.6 Sand, fine to tediue 
0.6· 5.1 Clay, silty, tediu1 gray 
5.1- 5.7 lignite 
5.7- 7.3 Clay, silty, aediut gray 
7.3- 8.5 Lignite 
8.S-11.2 Clay, silty, tediua gray 
11.2-11.8 Rock, sandstone 
11.8-15.6 Clay, silty, tediua gray 
!S.6-16.1 Rock, sandstone 
16.1-17.0 Clay, sandy, silty, bluish gray 
17 .0-22.8 Clay, silty, 1ediu1 gray 
22.8-26.2 Lignite . 
26.2-30.4 Clay, sandy, bluish gray 
HOLE I 9S6 
Depth Description 
_.,. _____ ,.. .... 
0.0· 0.6 Sand, fine to aediua 
0.6· 6.4 Clay, silty, till, ye!l011ish broll!l 
6.l-14.9 Clay, sandy, bluish gray, about 451 sand 
14.9·18.5 Clay, silty, lll!diua gray 
18.5·21.6 Clay, sandy, bluish gray 
,. 
" j 21.6·23.l Clay, silty, 1ediu1 gray ,1ir 
23.1-26.8 Lignite 
26.8-29.S Clay, sandy, silty, 1ediu1 gray 
29.5·3S.9 Clay, silty, aediu1 gray, with sand layers 
35.9-36.5 Rock, sandstone 
IIOLE I 957 
Depth Description 
---------
0.0· 0.6 Sand, fine to tediue 
0.6- 7.9 Clay, silty, till, yello1ish bro1n 
7. 9-12.4 Clay, silty, bro1nish gray 
12.l-19.8 Clay, silty, 1ediu1 gray 
19.8·20.4 Rock, sandstone 












































Clay, sandy, bluish gray 
Clay, silty, 1ediua gray 
Lignite 
Clay, silty, 1ediu1 gray 
Rod, sandstone 
Clay, silty, 1ediu1 gray 
Sand, fine bluish gray 
Clay, silty, 1ediu1 gray 
119 
Sand, fine, bluish gray, about 20% clay 
Clay, silty, 1ediu1 gray 
Sand, fine Ul 1ediu1, about 20% clay 
Clay, silty, 1ediu1 gray 
Description 
Topsoil 
Till, aoderate yellowish brown, clay thru gravel, oxidized 
Lignite, slack 
Sand, dusxy brDND, silty, organic 
Siltstone, dusky brDND, sandy, organic 
Siltstone, olive gray, sandy to clayey 
Siltstone, oliV1! black, clayey, organic 
Lignite, red, hard 
Siltstone, bluish gray, very sandy, N/lignite la1inae 
Lignite 
Siltstone, bluish gray, sandy, w/limiite la1inae 
Siltstone, brDNnish black, very sandy, organic 
Shale, light olive gray, silty, bentonitic 
Sandstone, bluish gray, silty 
Description --.................... -
Sand, fine to 1ediu1 
Clay, silty, till, yellot1ish brot1n 
Clay, silty, yellowish brDND, Bedrock 
Clay, silty, olive gray 
li1111ite 
Clay, silty, aediu1 gray 
Beser iption 
-------
Sand, fine to aediu1 
Clay, silty, till, yellot1ish brOIIII 




HOLE I 965 
Depth Description .. ________ 
7.9- 8.5 Clay, silty, yelloNish broND 
8.5-17.9 Clay, silty, yelloNish broNn 
17.9·1?.0 Clay, silty, broNDish gray 
19.0-22.8 Lignite 
22.8-24.9 Clay, silty, aediu1 gray 
24.9-25.2 Rock, sandstone 
25.2-25.? Clay, silty, 1ediu1 gray 
25.9-26.6 Lignite 
26.6-30.4 Clay, silty, 1ediu1 gray 
IIOI.£ I 966 
Depth Description -----..... -
0.0- 1.8 Sand, fine to 1ediu1 
1.8- 3.0 Clay, silty, aediu1 brownish gray 
3.0- 4.5 Lignite 
4.5- ?.7 Clar, silty, aediu1 gray 
9.7-10.0 Lignite 
10.0-11.2 Clay, sandy, silty, bluish gray 
11.2-14.6 Clay, silty, aediu1 gray 
14.6-15.2 Roel sandstone 
!5.2-16.4 Clay, sandy, silty, bluish gray 
16.4-18.2 Clay, silty, 1ediu1 gray 
19.2·22.5 Lignite 
22.5-24.8 Clay, silty, 1ediu1 gray 
24.8-25.9 Lignite 
25.!1-27.4 Clay, silty, 1ediu1 gray 
HOLE t 967 
Depth Description 
---------
0.0- 0.6 Sand I fine to lediu1 
' o .... 3.3 Clay, silty, till, yellowish brown ' ,1 
l.l- 3.9 Lignite ' l. 9- 8.5 Clay, silty, brONDish gray 
8.5·19.6 Clay, silty, 1ediu1 gray 
19.6-23.0 Lignite 
23.0-23.7 Clay 
2l.7·24.0 Rock, sandstone 
24.0-25.9 Clay, silty, aediu1 gray 
25.9-28.9 Clay, saody, silty, bluish gray 
28. 9-30.4 Clay, silty. aediu1 gray 
HOLE I 969 
Depth Description 
------
0.0- O.J Topsoil, silty, black 
HOLE I 969 
Dl!l)th DescriptiJlll 
O.l- 8.5 Clay, silty, till, yell011ish broNII 
8.5-17.3 Clay, sandy, silty, yellowish brown 
17.3-18.2 Clay, silty, olive gray · 
18.2·21.7 Li!lllite 
21.7-24.3 Clay, silty, 1ediu1 gray 
HOLE I 974 
Depth llesl;ript!OD 
0.0· 0.3 Topsoil 
121 
0.3· 1.5 Shale, aoderate yellowish brONII, silty, otidized 
1.5- 4.5 lignite, slack 
4.5- 9.4 Sandstone, 1oderate yellowish brown to olive gray silty, partially oxidized 
9.4-10.3 lignite 
10.J-16.6 Siltstone, olive gray, clayey to Silfldy, w/lignite inclusions 
16.6-17.2 Lignite 
17.2·18.8 Shale, brownish black, silty organic 
18.8-20.4 Shale, olive gray, silty, w/lignlte inclusions 
20.4-21.9 lignite 
21.9·2&.s Siltstone, olive gray, clayey 
26.5-27.5 Lignite 
27.5·30.4 Shale, greenish gray, silty, w/lignite inclusions 
HOLE I 976 
Depth 
o.o- 0.1 T0psoil 
DescriptiOII 
0.1· 3.6 SCoria, aoderate reddish bro1111, sandy, oxidized 
3.6· 6.0 sand, aoderate yellowish brown, oxidized 
6.0-14.6 Siltstone, olive gray w/lignite inclusions and brownish black organic zones 
14.6·15.8 Lignite 
15.8·19.8 Siltstone, olive gray 
19.8-21.0 Lignite 
21.0·26.8 Siltstone, light greenish gray, clayey to sandy 
26.8-28.0 Siltstone, brownish black, organic w/lignite fraglellts 
28.0·30.4 Siltstone, light greenish gray, sandy 
HOLE I 977 
Depth Description 
0.0· 1.2 Sand, fine to aedlu1 
1.2- 6.4 Clay, silty, till, yellowish brOllll 
6.4- 8.2 clay, sandy, silty, bluish gray 
8.2· 9.4 Lignite 
9.4·12.I Clay, silty, bluish gray 
12.1-12.8 lignite 
12.8·18.2 Clay, silty, aediu1 gray 
122 
HOLE I 977 
Depth Description .., _________ 
18.2-20.1 Clay, silty,.bro1111ish gray 
20;1-21.l Clay, silty, bluish gray 
21.J-22.2 lignite 
22.2-27.4 Clay, silty, 1ediu1 gray 
27.4-28.3 Lignite 
28.J-J0.4 Clay, silty, 1ediu1 gray 
HOLE I 978 
Depth Description ______ ,..,._ 
0.0- 0.3 Topsoil 
O.l- 2.7 Till, acderate yelloNish brOllll, clay thru sand, oxidized 
2.7- l.9 Siltstone, grayish orange, sandy, oxidized 
l.9- 5.1 Siltstone, dark yel!011ish orange, clayey, oxidized 
5.1- 8.5 Siltstone, dark yellowish bro1111 to olive gray, partially oxidized 
8.5-I0.9 Sandstone, 1ediu1 gray, indurated·9.4-9.8 
}, 10.9-ll.7 Siltstone, olive gray, clayey 
ll.7-14.9 Shale, olive black to bro1nish black, silty, organic 
14.9-18.8 lignite, red 
JB.8·21.9 Shale, olive gray 
21. 9-22.5 Lignite 
22.S-24.l Siltstone, light olive gray, sandy 
HOLE I 979 
Depth Description 
------
0.0- 1.2 Sand, fine to tediu1 
:~ 1.2- 6.0 Clay, silty, till, yello1ish broNR 
6.0· 9.7 Clay, sandy, silty, yell011ish brOllll 
9.7-10.0 Rock, sandstone 
10.0·15.5 Clay, sandy, silty, yellowish broNn 
15.S-19.0 Clay, silty, olive gray • 19.0-23.0 lignite ' I 
23.0-26.8 Clay, sandy, silty, bluish gray ~ 
26.8-26.9 Lignite 
26.9-30.4 Clay, sandy, bluish gray 
IIQLE I 980 
Depth Description .. ,,. _____ 
0.0· O.J Topsoil 
0.3-10.0 Till, 1oderate yellowish br011n, clay thru gravel, 01idized 
10.0-14.6 Siltstone, ltderate yellowish brOllll, sandy, oxidized 
14.6-15.2 Siltstone, brownish gray, organic 
15.2-16.7 lignite, soft 
16.7-18.2 lignite, hard 
18.2·21.0 Shale, olive gray, silty 
-
HOLE I 980 
Depth Description 
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21.0·24.3 Siltstone, olive gra,, sandy, w/Jignite la1inae 
KOLE I 981 
Depth Description 
0.0- 0.3 Topsoil 
0.3- 1.5 Silt, clay and scoria, slope 11ash 
1.5- 6.8 Siltstone, olil'I! gray, clayey 
6.8- 7.4 Lignite 
7.4- 9.1 Sandstone, light bluish gray, silty 
9.1-10.6 Siltstone, olive gray, sandy 
10.6-12.4 Siltstone, broNnish black, organic 
12.4·12.9 Lignite 
12.9·14.6 Shale, greenish gray, silty 
14.6-15.5 Sandstone, greenish gray, silty 
15.5·17.8 Siltstone, olive gray 
17.8-18.5 Lignite 
18.5-24.3 Siltstone, olive gray sandy 
, HOLE I 982 
Depth Description 
o.o- 1.8 sand, fine to 1ediu1 
1.8- 3.3 Lignite, soft 
3.3-10.9 Clay, silty, 1ediu1 gray 
10.9-11.2 Lignite 
11.2-17.0 Clay, sandy, aedi!II gray 
17.0·18.5 Clay, sandy, aediu1 gray Nith sand layers 
18.5-24.3 Clay, silty, sandy, ll!diu1 gray 
















Sand, fine to 1ediu1 
Clay, silty, till, yellllllish bro1111 
Lignite, slack 
Sand, fine to aediu1, about 501 lignite 
Chy, silty, 1ediu1 gray 
lignite 
Clay, sandy, silty, bluish gray 
Rock, sandstone 
Clay, silty, 1ediu1 gray 
lignite 
Clay, silty, olive gray 
Lignite 
Clay, silty, 1ediu1 gray 
Lignite 
HOLE I 999 
Depth Description 
22.4-24.3 Clay, silty, 1ediu1 gray 
ff-OLE I 995 
Depth Description 
O.O- 2.7 Sand, find to 1ediu1 
2.7- S.7 Clar, silty, rel1Dllish bro11n 
5.7- 7.6 Lignite, soft 
7.6- 8.2 Lignite and sand 
8.2- 9.4 Clay, silty, 1ediu1 gray 
9.4-JJ.2 Clay, sandy, silty, yel!011ish brOIIII 
11.2-12.1 Lignite 
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12.1-14.9 Clay, silty, yellowish greenish gray 
14.9-16.J Clar, silty, olive gray 
16.1-16.4 lignite 
16.4·19.S clay, silty olive gray 
19.5-20.4 lignite 
20.4-2S.9 Clay, sandy, bluish gray 
2S.9·30.4 Clay, silty, aediUI gray 
HOLE I 999 
Depth Description 
o.o- 0.3 Topsoil 
0.3- S.9 Sand, 1oderate yellovish brOIIII, silty 
S.11- 6.7 lignite 
6.7-12.6 Siltstone, olive gray, clayey 
12.6-13.8 lignite 
I3.f/-24.9 Shale, olive gray, silty 
24.9-26.2 Sandstone, indurated 
26.2-30.4 Shale, olive gray, silty 
30.4-58.D Sandstone, olive gray, silty, 1/lignite la1inae 
33.3-34.4 lignite 
34.4·37.1 Sandstone, olive gray, silty, N/lignite inclusions 
37.1-39.4 Lignite 
39.4-39.9 Sandstone, greenish gray, silty, N/lignite, la1inae 
39.9-44.S Siltstone, greenish gray, sandy 
44.5·45.4 Lignite 
45.4-48.4 Siltstone, greenish gray, sandy 
48.4·49.5 lignite 
49.5·S3.6 Siltstone, greenish gray, sandy, indurated S0.6·51.0 
53.6·54.4 Lignite 
54.4-57.9 Siltstone, olive gray 
57.9-.0.9 Shale, bro1111ish black to olive gray, silty, organic 
llOL£ I JOOS 
Depth Description 
o.o- 0.3 Topsoil 





















Till, toderate yellOllish broNn, clay tbru gravel, oxidized 
Siltstone, dark yellowish orange, N/indurated lenses 
Shale, olive gray, silty . 
Shale, olive black, clayey, organic 
Siltstone, olive gray, clayey 
Lignite 
Siltstone, olive gray, N/organic la1inae 
Lignite 
Siltstone, dark greenish gray, sandy w/lignitic la1inae 
Siltstone, brownisb black, clayey, organic 
Lignite 
Sandstone, greenish gray, silty, w/ligoite inclusions 
Lignite 
Sandstone, greenish gray, silty, indurated 46.3-47.3 
siltstone, greenish to light greenish gray, clayey to sandy, N/ligoite lnclusioos 
Description 
o.o- 0.3 Topsoil 
0.3- 1.8 Sand, IOderate brown 
J.8- 4.5 Till, IOderate yellowish brOllR, clay thru gravel, 01idized 
4.5- 5.4 Till, olive gray, clay tbru gravel 
5.4-J0.9 Siltstone, olive gray, clay, sand 
10.9·11.7 Lignite 
ll.7·13.7 Siltstone, olive gray, sandy 
13.7-14.9 Lignite 
14.9-18.8 Siltstone, brOllRish black and organic to olive gray, clayey 
18.8-28.9 Sandstone, greenish gray, silty, w/lignite inclusions and indurated 21·22.2 
28.9-31.2 Siltstone, brownish black, clayey, organic, w/lignite fragaents 
31.2-34.5 Lignite 
34.5-35.6 Siltstone, brownish black, clayey 
35.6-37.4 Sandstone, greenish gray, silty, w/lignite inelusions 
37.4-38.2 Lignite 













Till, IOderate yellOllish brown to light olive gray to olive black, clay tliru sand, 01idized 
Lignite 
Siltstone, brllllllish black, organic 
Siltstone, dark greenish gray, sandy 
Siltstone, olive gray, sandy to clayey, w/lignite lenses 
Shale, olive gray, silty 
Lignite · 
Siltstone, dark greenish gray, sandy to clayey 
it 




HGI.E I 1008 
Depth 
0.0- 1.8 























Shale, dark greenish gray, silty 
Description __ .. _.,._ .. 
Sand, fine to 1ediu1 
Gravel, fine to aediu1 
Clay, silty, till, yellowish broNn 
Clar, silty, aediu1 gray, Bedrock 
Li'llli te 
Clay, silty, 1ediu1 gray 
Description 
--------
Sand, fine to aediu1 
Clar, silty, till, rellONish br011n 
li911ite (Bedrock) 
Clay, sandy, rell011ish brolffl 
lignite 
Clay, sandy, silty, aediu1 gray 
Li911ite 
Clay, sandy, silty, bluish gray 
Li911ite 
Sand, fine, about 30% clay 
Clar, silty, lediu1 gray 
Description 
o.o- 0.3 Topsoil 
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O.J- J.O Sand, aoderate bro1n, very fine to llediu1, loose 
3.0- 6.0 Till, aoderate yelJONish brown, clay thru S&lld, oxidized 
6.0- 6.4 lignite slack 
6.4- 7.0 Siltstone, grayish black, sandy, very organic 
7.0- 9.7 Siltstone, olive gray, clayey 
9.7-10.9 Siltstone, olive blad, sandy, organic 
10.9-IJ.l Siltstone, olive gray 
13.1-21.9 Sandstone, olive grar, very silty, finely laainated, lignitic 
21.9-25.2 lignite 
25.2-JB.4 Siltstone, olive gray, clayer to sandy, w/lignitic Iaainae 
J8.4·J9.l Lignite 
39.1-48.7 Siltstone, olive gray to olive grC1111, sandy 
HOLE I IOU 
Depth Description 
0.0- O.J Topsoil 










Till 1oderate yelloNish brown, clay to sand, organic 
Siltstone, olive gray 
HOLE I 1016 
Depth 
Ug.ni te 
Siltstone, olive gray, sandy, N/lignite la1inae 
Siltstone, olive black, clayey, N/lignite la1inae and fragll!llts, organic 
Siltstone, light olive gray, sandy 
Siltstone, broNnish gray, organic, N/lignite fra91ents and la1inae 
Description 
0.0- 0.3 Topsoil 
0.3- 3.6 Till, aoderate yellowish brown, clay to rock, oxidized 
3.6- 5.1 Jill, olive gray, clay to sand 
S.1- 6.0 Shale, olive gray, silty, N/lignite latinae 
6.0- 7.0 Lignite, slack 
7.0- 8.6 Siltstone, olive gray, clayey, N/lignite fragaents 
8.6- 9.7 Lignite 
9.7-10.3 Siltstone, greenish gray, sandy, N/lignite latinae 
I0.3-13.7 Sandstone, light bluish gray, silty 
13.7-14.9 Shale, light bluish gray, silty 
14.9-25.2 Siltstone, light bluish gray, sandy to clayey 
25.2-26.3 Shale, olive gray to broNnish black, organic 
26.3-29.8 Lignite 
29.8-31.3 Siltstone, olive gray, sandy 
31.3-33.5 Sandstone, bluish gray, silty 
33.5-34.l Lignite 
34.1-34.7 Shale, light olive gray, silty 
34.7-40.S Silstone, light olive gray, sandy 
40.5-41.9 Shale, olive to bro1111ish black, organic 
41.9-42.3 lignite 
42.3·43.2 Shale, olive to brownish black, organic 
43.2-4S.7 Siltstone, olive gray 
45.7-48.7 Sandstone, bro1111ish black, silty, organic (Paleosol?) 
lllllE I 1017 
Depth Description 
0.0- 0.3 Topsoil 
O.J- 5.7 Till, IOderate vellDNish broND, clay through sand, oxidized 
5.7- 6.0 Lignite, slack 
6.0- 6.7 Siltstone, toderate yelloNisb brOIIII, clayey, oxided 
6.7- 7.6 Siltstone, olive gray, sandy 
7.6-14.3 sandstone, bluish to light olive gray, silty 
14.3-15.5 Siltstone, bluish gray 
15.5-22.0 Shale, olive gray, silty, w/olive black organic 17.3-18.3 
22.0-23.! Lignite 
HOLE I 1017 
Depth Description 
Sandstone, bluish gray, very fine 















Siltstone, light olive gray, clayey, v/organic laainae 
Sandstone, bluish gray 
HOLE I 1018 
Depth 
Siltstone, light olive gray, clayey, •/lignite la1inae 
Shale, olive black, organic 
lignite 
Siltstone, greenish gray, sandy 
lignite 
Siltstone, greenish gray, sandy 
Siltstone, light olive gray, sandy 
Lignite 
Siltstlllle, broNnish to olive black, sandy organic 1/lignite chips and Ia1inae 
Description 
0.0- 0.6 Topsoil 
0.6· 4.8 Till, 1oderate yelloNish bro1111, sandy to clayey, •/rocks, oxidized 
4.8· 5.7 Sand, 1oderate yellowish brown, fine to lediUI oridized 
5.7- 7.6 Shale, olive gray, silty 
7.6·12.1 Sandstone, bluish gray 
12.l·lS.2 Shale, olive gray, silty 
15.2-16.7 Shale, olive black, silty, organic 
16.7·18.2 Shale, olive to black 
18.2-19.6 Lignite, red 
19.6-22.8 Siltstone, olive gray, clayey 
22.8-23.9 Lignite 
23.9-24.9 Shale, olive gray 
24. 9·27.4 Sandstone, bluish gray, silty 
27.4-30.4 Siltstone, olive gray 
J0.4-31.6 Linstone, indurated 
31.6-38.1 Siltstone, olive gray sandy 
38.1-39.3 Shale, olive brDIIII, silty, organic 
39.3-42.6 Lignite, red 
42.6-45.2 Siltstone, light olive to greenish gray, clayey 
45.2-45.8 lignite 
4S.8-48.7 Siltstone, ligltt greenish gray, M/lignite la,inae 








Till, aoderate ye!IDNish brown, clay through gravel, oxidized 
Sand, loderate ye!IDNish bro•n, silty, oxidized 
Sand, 1ediu1 bluish gray, silty 
Siltstone, olive gray, clayey 
HOLE I 1019 
Depth Description 
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12.1·13.7 Shale, olive black, silty, organic 
13.7·16.l Shale, olive black, silty 
16.1-16.7 Shale, bro1111ish gray, silty, organic 
16.7-17.6 lignite 
17.6-20.7 Siltstone, olive gray, sandy, w/lignite Ia1inae 
20.7·22.S Lignite 
22.5-32.6 Siltstone, olive gray, sandy to very sandy 
32.6-33.2 Liaestone, indurated 
33.2·35.6 Silstone, light olive gray to olive black, sandy, organic 
35.6-39.6 Lignite, red, hard 
39.6·42.6 Siltstone, olive gray, sandy 



























3.0- 5. 7 
5.7~ 7.6 




Siltstone, 1oderate yellowish brown, clayey, oxidized 
Shale, IOderate yellowish brown to olive gray, silty 
Lignite 
Sandstone, olive gray, silty, w/lignite inclusions 
lignite 
Shale, olive gray, silty, w/lignite inclusions 
Sandstone, olive gray silty 
Shale, brownish to olive black, silty, organic, w/lignite inclusions 
Siltstone, olive gray, clayey to sandy 
Siltstone, olive black, clayey, organic 
Lignite, w/pyrite 
Siltstone, olive gray, clayey 
lignite 
Shale, olive gray, silty 
Shale, olive black, organic 
Lignite 
Shale, olive to light olive gray to brownish black 
Siltstone olive gray to olive black 
Shale, light olive gray, silty 




Shale, olive black, organic 
Siltstone, olive gray, sandy, w/lignite inclusions 
Sandstone, bluish gray 
Siltstone, olive gray 
Siltstone, olive black, organic 
HOLE I 1021 
Depth Description 
15.5-19.S lignite, hard red 
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19.5·24.0 Siltstone, olive to greenish gray, sandy w/llgnite inclusions 
24.0·24.6 Liaestone, indurated 
24.6·2S.6 Siltstone, olive gray 
25.6-26.0 lignite 
26.0-33.2 Shale, dark greenish gray, silty, •/lignite inclusions 
33.2·35.0 Siltstone, light olive gray, sandy 
35.0-40.0 Siltstone, olive black, sandy, organic M/lignite inclusions 
40.0-40.6 lignite 
40.6-42.6 Siltstone, olive gray 
HOLE I 1022 
Depth Description 
o.o- 0.3 Topsoil 
0.3- 1.8 Slit, loderate yellowish brown, 01idized 
l.&- 3.3 Sand, grayish brOllll 
3.3- 6.0 Siltstone, light yello1ish to olive gray, I/lignite Ja1inae 
6.0- 6.7 Li1estone, lndurated 
6.7· 9.1 Siltstone, olive gray 
9.1- 9.7 Siltstone, broMnisll black, organic 
9.7-13.7 Lignite 
13.7·18.2 Siltstone, olive to light olive gray, sandy 
18.2-2D.S Sandstone, light greenish gray, silty 
20.s-21.0 Lignite 
21.0-24.5 Siltstone, bro1nish gray, clayey, organic 
24.5·24.9 lignite 
24.9-27.4 Siltstone, light olive 9ray, clayey 
27.4-30.4 Siltstone, light greenish gray, claYirt 
:S0.4·36.5 Siltstone, brONnish gray, sandy 
HOLE I 1023 
Depth Description 
0.0- 0.3 Topsoil 
0.3- 3.9 Till, toderate yellowish brOIIII, clay to sand, oxidized 
3.9- 6.0 Siltstone, br01111ish gray 
6.0- 9.1 Sandstone, dusky brown, loose organic sand 
9.1-10.0 Sandstone, grayish brOIIII, loose 
10.0-19.2 Siltstone, olive to greenish gray, clayey to sandy 
18.2-20.1 Shale, olive gray to brOll!I, silty 
20.1·24.0 Lignite 
24.0-30.4 Siltstone, greenish gray, sandy, •/lignite la1inae 
30.4-30.9 Liaestone, indunted 
30.9·32.0 Shale, bro1nlsll black, organic 
32.0-32.3 Lignite 
32.3-36.l Siltstone, light gray, clayey and brownish black, organic 





36.4-42.6 Siltstone, light greenish gray, clayey 
HOLE I 1063 
Depth Description 
0.0- 0.1 Topsoil 
0.1- 2.7 Clay, silty, till, yellowish bro1111 
2.7- 3.3 Clay, silty, yellowish bro1111 
3.3- 3.6 Rock, sandstone 
3.6- 4.5 Clay, silty, yellowish bro1111 
4.5- 4.8 Clay, silty, yellowish orange 
4.8- 6.7 Clay, silty, rt!I011ish brONn to yellONish gray 
6.7- 9.4 Clay, silty, 1ediu1 gray 
9.4-10.6 Coal, slack 
10.6-13:4 Coal, hard 
13.4-!S.2 Clay, silty, aediu1 gray 
HOLE I 1078 
Deptb Descriptio• 
o.o- O.J Topsoil, silt, black 
0.1- 0.3 Sand, fine to aediua 
0.3· 1.8 Clay, silt, yellONisb brown till 
1.8- 3.3 Clay, silt, yellONish brown 
3.3- 6.0 Clay, silt, aediu1 gray to yellowish brown 
6.0-10.3 Clay, silt, aediua gray 
10.3-12.8 Coal, bard 
12.8-14.0 Coal, slack 
14.0-16.7 Clay, silt, olive black 
HOLE I 1358 
Depth DescriptiDII 
0.0- 0.3 Tapsoil, silty, black 
0.3· J.2 Sand, fine to aediu1, yellowish brllllll 
1.2- 2.4 Clay, silty, till, yellOlfish brOIIII 
2.4- 2.7 Slack, coal, bedrock 
2.7- 3.3 Clay, silty, bluish gray 
3.3- 4.2 Clar, sandr, silty, yellowish brOlffl (.ater at 4.2 puaplng about 0.13 L/s at 6.1) 
4.2- S.l Slack, coal 
5.1· 7.0 Clay, silty, brownish gray 
7.0- S.2 Clay, silty, bluish gray 
8.2· 9.4 Clay, sandy, bluish gray (about 401 sandl 
9.4-14.6 Clar, silty, bluish gray 
14.6-IS.l Rock, liaestone 
15.3-19.2 Clay, silty, 1ediu1 gray 
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HOlE I ll58 
Depth Description 
---------
19.2-19.5 Slack, coal 
19.5-21.4 Cea!, core 
21.4-22.7 Coal, with layers of slack core 
22.7-23.0 Clar, siltr, bluish gray core 
HOlE I ll59 
llepth Description 
----------
0.0- 0.3 Topsoil, silty, black 
O.J· 0.6 sand, fine to 1ediu1 yellowish bro1111 
0.6- 4.2 Clay, silty, till, yellowish brOllll 
4.2- 5.7 Clay, silty, yellowish bro1111, bedrock 
5.7- 6.0 Slack, coal 
6.0- 6.7 Clar, sandy, sil tr, yellowish brown 
6.7- 7.3 Slack, coal 
7.3-10.6 Clay, silty, brownish grar 
10.6-11.8 Clar, silty, bluish gray 
11.11-IJ.4 Clay, silty, br!lllllish gray 
13.4·16.l Sand, fine, bluish gray, (about 20% clar) 
16.1-22.8 Clay, siltr, 1ediu1 grar, (a little 11ater at 11.9) 
22.8-23.l Clay, silty, 1ediu1 gray, core 
23.l-2J.3 Black jack, core 
23.3-25.7 Coal, care. 
25.7-27.0 Coal, core 
27.0-27.l Clay, silty, brownish grar, care 
IIOlf t 1360 
Depth Description ______ .. ___ 
0.0· O.J Topsoil, silty, black 
O.J- 6.0 Clay, silty, till, yellowish bro1111 
6.0- 6.7 Slack, coal 
6.7- 8.2 Clay, sandy, silty, yellowish broND 
8.2-14.6 Clar, silty, yellowish broND 
14.6-15.8 Sand, fine, bluish gray (about 15% clay) 
15.8-18.8 Clay, siltr, bluish grar 
18.8-19.0 Clay, silty, bluish gray, core 
19.0-19.2 Black jack, core 
19.2·20.2 Coal, core 
20.2-22.8 Coal, core 
22.8·23.l Clay, silty, ttdiu1 grar, core 
" 
HOLE I 1361 ,, 
Depth Description 
---------... 
0.0- O.J Topsoil, silty, black 
O.J· 1.2 sand, fine to ~iu1, rellDNish brOlill 























17 .6-17. 9 
17 .9-21. l 
21.1-21.7 
21.7-21. 9 
HOI.E I 1364 
Depth 
0.0- 0.3 










HOLE I 136S 
Depth 
DescriptiOD 
Clay, silty, till, yellowish browo 
Clay, silty, yellowish grayish brown, bedrock 
Slack, coal 
Clay, silty, yellowish brown 
Clay, sandy, yellowish bro1111, (about 40% sand) 
Sand, fine to 11ediu1, yell011ish gray 
Clay, silty, yellowish brown 
Sand, fine to 1ediu1, yellowish gray, (about 10% day) 
Clay, silty, 1ediu1 gray 
Clay, silty, bro1111ish gray 
Coal, core 
Coal, core 
Clay, silty, bluish gray, core 
Description 
Topsoil, silty, black 
Clay, silty, till, yellowish brown 
Clay, silty, yell011ish brown, bedrock 
Slack, coal 
Sand, fine to 1ediU1, yellowish brown, (about 20% clay) 




Clay, silty, aediu1 gray 
Description 
Topsoil, silty, black 
Sand, fine to aediu1, yellowish bro1111 
Clay, silty, till, yellowish brOlin 
Sand, fine to aediua. yellowish brown (about 10% clay) 
Clay, silty, yellowish brown 
Sand, fine to aediu1, ye!I011ish brown, (about Jill: clay) 




Clay, sandy, bluish gray, (about 40% sand), core 
Description 
0.0- 0.3 Tgpsoil, silty, black 
HOLE I 136S 
Depth Description 
0.3· 3.2 Clay, silty, till, yelloNish brlllln 
J.2- 3.3 Slack, coal and rock 
3.3· 7.3 Clay, silty, yellowish broNn 
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7.3- 9.4 Sand, fine to 1ediu1, yellllllish broNn (about 20% clay) 
9.4-11.S Clay, silty, yellowish brown 
11.s-12.1 Clay, silty, 1ediu1 gray 
12.1-14.0 Sand, fine to aediu1, 1ediu1 gray (about 10% clay) 
14.0-17.0 Clay, silty, 1ediu1 gray 
17.0·20.2 Coal, core 
20.2-20.8 Coal, core 
20.8-21.1 Clay, silty, 1ediu1 gray, core 
HOLE I 1367 
Depth Description 
0.0· 0.3 Topsoil, silty, black 
. O.J· 2.4 Sand, fine to aediUJ, yellONish broli/l 
2.4- 3.0 Clay, silty, till, yellowish brown 
J.0- J.6 Slack, coal, bedrock 
3.6- 6.7 Clay, silty, yell011ish brO!ln 
6.7-13.l Clay, silty, IM!diu1 gray with layers of sandy clay 
13.1-15.2 Sand, fine to aediu1, bluish gray, (al>oQt 10% sand) 
15.2-17.9 Clay, silty, aediu1 gray 
17.9-20.8 Coal, core 
20.ll-21.3 Coal, core 
21.3·21.6 Clay, silty, bluish gray, core 
HOI.E I 1369 
Depth Description 
o.o- 0.3 Topsoil, silty, black 
O.J· 0.9 Sand, fine, yellowish brown 
0.9- 7.6 Clay, silty, till, yellowish brONn 
7.6- 7.9 Slack, coal, bedrock 
7.9· 9.7 Clay, silty, aediu1 gray 
9.7-10.3 Slack, coal 
ID.3-14.9 Clay, silty, blackish gray 
14.9-17.9 Clay, silty, 1ediu1 gray 
17.9·22.2 Sand, fine, bluish gray (about IO% clay) 
22.2-24.6 Clay, silty, aediu1 gray 
24.6-28.D Coal 
28.D-30.4 Clay, silty, 1ediu1 gray 
24.6·27.2 coal, core 
27.2-28.D coal, core 
28.0-28.1 Clay, silty, aediu1 gray 
HOLE I 1370 
Depth Description 
o.o- O.J Topsoil, silty, black 
HOLE I 1370 
Depth Description 
O.J· 0.9 Sand, fine, yelloNish broNn 
0.9· 6.7 Clay, silty, till, yellowish brown 
6.7· 9.1 Clay, silty, yeJloNish brown 
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9.1·10.3 Clay, sandy, yellowish brONn (about 40% sand) 
10.l·l0.6 Rotk, sandstone, bedrotk 
10.6·12.4 Sand, fine to aediu1, yellowish brOlln, {about 10% clay) 
12.4·13.l Clay, silty, bluish gray 
Jl.1·14.6 Sand, fine, bluish gray (about 10% clay) 
14.6·16.4 Clay, silty, 1ediu1 gray 
16.4·17.0 Clay, silty, brownish gray 
17.0-18.8 Coal, slack, core 
18.8--19.5 Coal 
19.5·20.S Coal, core 
20.5·20.8 Clay, silty, aediu1 gray, core 
HOLE I 1371 
Depth Description 
0.0- 0.3 Topsoil, silty, black 
0.3· 0.6 Sand, filll! to aediu1, yell011isb brOlln 
0.6- 2.1 Clay, silty, till, ye!IONish brONn 
2.1· 4.5 Clay, silty, yellowisb brONn, bedrock 
4.5- 4.8 Slack, coal 
4.8· 5.4 Clay, silty, aediu1 gray 
5.4- 6.0 Clay, silty, yellowish brONB 
6.0- 6.4 Rock, liaestone-
6.4·10.6 Clay, silty, aediu1 gray 
10.6·12.4 Clay, silty, aediu1 gray 
12.4·13.4 Sand, fine to aediu1, bluish gray 
ll.4·14.l Clay, silty, 1ediu1 gray 
14.3-14.6 Rock, li1estone 
14.6-17.3 Clay, silty, 1ediu1 gray 
17.l-17.6 Clay, silty, brownish gray 
17.6·21.3 Coal 
21.3-21.6 Glay, silty, bluish gray 
HOLE I 1372 
Depth DescriptiOII 
0.0- 0.3 Tl!PSOil, silty, black 
O.l· 1.2 Sand, fine to 1ediu1, yelJONish brONn 
1.2· 3.3 Clay, silty, yellowisb brONn, bedrock 
3.3- 3.6 slack, coal 
3.6- 4.5 Coal 
4.5· 4.8 Clay, silty, bluish gray (a little water at 3.6! 
flOli I 1373 
Depth Description 
O.o- O.J Topsoil, silty, black 
HOLE I 1373 
Depth Description 
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0.3- 2.4 Sand, fine to 1ediu1, yellowish brOIIII 
2.4· 6.0 Clay, silty, till, yelloNish broNn 
6.0- 9.7 Clay, silty, till 1ediua gray 
9.7-13.7 Sand, fine, bluish gray, bedrock 
13.7·17.0 Clay, silty, bluish gray 
17.0-17.3 Clay, silty, broNnish gray 
17.3-20.7 Coal 
20.7-21.3 Clay, silty, bluish gray 
HOlE I 1374 
Depth Description 
0.0- 0.3 Topsoil, silty, black 
0.3- 6.7 Clay, silty, till, yelloNish brOIIII 
6.7- 9.4 Clay, silty, yelloNish broNn 
9.4·11.2 Clay, sandy, silty, ye!l011ish bro,n to ledlu1 gray 
11.2-12.l · CJay, silty, yelloNish broNn 
12.1-14.3 Clay, silty, 1ediu1 gray, bedrock 
14.3-16.4 Clay, silty, yelloNish bro1111 
16.4·10.8 Sand, fine to 1edlu1, bluish gray (about 20% clay) 
10.8-22.2 Clay, silty, 1ediu1 gray 
22.2·22.5 Slack, coal and clay 
22.5-25.6 Coal, core 
25.6-25.7 Clay, silty, 1ediu1 gray, core 
HOlE I 1375 
Depth Description 
O.lr 0.3 Topsoil, silty, black 
0.3- 0.6 Sand, fine, yel1011ish broNn 
0.6- 4.8 Clay, silty, till, yellONish brown 
4.8· 5.1 Slack, coal 
5.1- 6.4 Clay, silty, yellowish bro1111, bedrock 
6.4-10.3 Clay, sandy, silty, till. yellowish brOIIII 
10.3-14.9 Clay, silty, 1ediu1 gray, bedrock 
14.9-17.6 Sand, fine to 1ediua, bluish gray, (about 20% clay) 
17.6·21.9 Clay, silty, aediu1 gray 
21.9-22.2 Clay, silty, broNnish gray 
22.2-22.s Coal 
22.S-25.6 Coal, core 
25.6-25.9 Clay, silty, lediu1 gray 
HOLE I 1394 
Depth Description 
0.0- O.S Topsoil, silty, black 
O.J- 1.2 Sand, fine to 1ediu1, yellONish brown 
UOLE I 1394 
Depth Description 
1.2· 2.4 Clay, silty, till, yellowish brolf!l 
2.4· 2.5 Slack, coal, bedrock 
2.5· 3.6 Clay, silty, yellowish bro1111 
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3.6· 3.9 Sand, fine, yellowish brlllin, (about 10% clay) 
3.9- 4.4 Clay, silty, 1ediu1 gray 
4.4- 4.7 Slack, coal 
4.7· 5.7 Coal 
5.7· 6.0 Clay, silty, brollllish gray 













HOLE I 1396 
Depth 
Topsoil, silty, black 
Sand, fine to 1ediU1, yellONish brown 
Clay, silty, till, sandy 
Clay, silty, till, olive gray 
Clay, silty, yellowish brown, bedrock 
clay, silty, aediu1 gray 
Slack, coal 
Clay, silty, 1ediu1 gray 
Slack, coal 
Coal and slack 
Clay, silty, brownish gray {a little water at 8.2) 
Description 
0.0· O.l Topsoil, silty, black 
0.3· 0.7 Sand, fine, yellowish brown 
0.7· 1.0 Sand, fine, yellowish brown 
1.0· 1.3 Sand, fine, yell011ish br!llin 
1.3- 1.7 Clay, silty, till, yel1011ish brown 
1.7· 2.0 Clay, silty, till, yellowish brown 
2.0· 2.3 Clay, silty, till, yellowish brOllll 
2.3- 2.6 Clay, silty, till, yellowish brown 
2.6· 2.9 clay, silty, till, yellowish brown 
2.9· 3.2 Clay, silty, till, yellowish brown 
3.2- 3.5 Clay, silty, till, yellowish bro1111 
3.5- 3.7 Till 
3.7- 4.0 Clay, silty, till, yellowish brown 
4.0· 5.J Jost core 
5.I· 5.4 Rock, granite 
5.4- S.7 Clay, silty, till, (drilledl 
5.7- 6.1 Clay, silty. till, yellowish brown 
6.1- 6.5 Clay, silty, till, yellONish brOIIII 
6.5· 7.0 . Clay, silty, till, yellowish brllllll 
7.0- 7.2 Clar, silty, till, yellowish brown 
ll!ILE I 13% 
Depth Description 
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7.2- 7.7 Clay, silty, yellowish gray, bedrock 
7.7- 8.0 Clay, silty, br0100ish gray 
8.0- 8.3 Sand, fine to 1ediu1, yellowish brown 
8.3- 8.8 Sand, fine to 1ediua, yellowish brown 
8.8- 9.1 Sand, fine to aediu1, yellowish brown 
9.1- 9.2 Clay, silty, yellowish brOlill 
9.2- 9.6 Clay, silty, yellowish brown 
9.6- 9.9 Slack, coal, (fro• 9.6 to 10.0 water about 0.33 L/sl 
9.9·10.3 Slack, coal and slack, clay, silty 
ID.3·12.8 lost core 
12.8·!3.4 Clay, silty, 1ediu1 gray 
13.4·14.0 Sand, fine to aediu1, bluish gray 



























HOI.E I 1441 
Depth 
Topsoil, silty, black 
Clay, silty, yellowish brown (till) 
Slack, coal, bedrock 
Clay, silty, aediu1 gray 
Slack, coal, Lots of water at 2.7 about 0.66 L/s 
Clay, silty, yellowish brown 
Clay, silty, aediu• gray 
Sand, fine, bluish gray 
Rock, li1estone 
Clay, silty, aediu1 gray 
Sand, fine to lediu1, bluish gray 
Clay, silty, 1ediu1 gray 
Coal 
Clay, silty, 1ediu1 gray 
Coal 
Clay, silty, 1ediu1 gray 
Coal 
Clay, silty, aediu1 gray 
Clay, sandy, bluish gray 
Sand, fine, bluish gray, (about 35% clay) 
Clay, silty, 1ediu1 gray 
Coal 
Clay, silty, 1ediu1 gray 
Coal 
Clay, silty, brownish gray 
Description 
0.0- 0.3 'Topsoil, silty, black 
0.3- 1.8 Clay, silty, yellowish brown (till) 










Clay, silty, 1ediu1 gray 
Slack, coal 
Clay, silty, yellowish brown 
Clay, silty, 1ediu1 gray 
Sand, fine, bluish gray 
Rod, Ii1estone 
clay, silty, aediu1 gray 
Sand, fine to aediu1, bluish gray 
Clay, silty, 1ediU1 gray 
Coal 
Clay, silty, 1ediu1 gray 
Coal 
Clay, silty, aediu1 gray 
Coal 
Clay, silty, 1ediu1 gray 
















Sand, fine, bluish gray (about 35% clay) 
Clay, silty, aediu1 gray 
Coal 
HOLE I 1442 
Depth Description 
0.0- 0.3 Topsoil, silty, black 
0.3- 4.2 Sand, fine, relloMish brown, (about 2SI clay), bedrock 
4.2· 8.5 Clay, silty, aediua gray 
8.5- 9.1 Clay, silty, broNllish gray 
9.1·1B.9 Clay, silty, 1ediu1 gray 
10.9-11.8 Coal 
11.B-JS.8 Clay, silty, aediu1 gray 
15.8-17.0 Coal 
17.0-21.9 Clay, silty, aediu1 gray 
21.9-26.5 Clay, sandy, bluish gray, (about 40% sand) 
26.5-32.3 Clay, silty, tediu1 gray 
32.3-35.6 Coal 
35.6-38.5 Clay, silty, lediu1 gray 
38.5·39.4 Coal 
39.4-39.6 Clay, silty, brOllllish gray 
lftll£ I 144 J 
Depth Description 
0.0- 0.3 Topsoil, silty, black 
O.J- 4.2 Sand, fine, yellowish broNII 
4.2- 8,S Clay, silty, lediu1 gray 
8.S· 9.1 Clay, silty, brownish gray 
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Clay, silty, 1ediu1 gray 
Coal 
Clay, silty, 1ediu1 gray 
Coal 
Clay, silty, 1ediu1 gray 
Clay, sandy, bluish gray, (about 40% sand) 
Rock, sand, stone 
Clay, sandy, bluish gra,, (about 40% sand) 
Clay, silty, 1ediu1 gra, 
Coal 











Topsoil, silty, black 
Sand, fine, yelloMish br011n 
· Clay, silty, 1ediu1 gray 
Clay, silty, brownish gray 
Clay, silty, 1ediu1 gray 
Coal 
Clay, silty, 1ediu1 gray 
Coal 
























Topsoil, silty, black 
Sand, fine to aediua, yellDNish broMn 
Clay, silty, ,elloMish brOMR, bedrock 
Clay, silty, 1ediu1 gray 
Cla,, silty, bro1111ish gray 
Clay, silty, 1ediu1 gray 
Coal 
Clay, silty, 1ediu1 gra, 
Slack, coal 
Coal 
Clay, silty, 1ediu1 gray 
Rock, liaestone 
Clay, silty, 1ediu1 gray 
Clay, sandy, bluish gray, (about 40% sand) 
Clay, silty, 1ediu1 gray 
Clay, sandy, bluish gra, (about 40% sand) 
Clay, silty, 1ediu1 gray 
Sand, fine, bluish gray 
Clay, silty, 1ediu1 gray 
Clay, silty, broMnish gray 
Coal 
;. 
HOLE I 1445 
Depth Description 
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34.1-34.4 Slack, coal, lost water in slack, at 34.1 
34.4-36.8 Coal 
36.8-37.1 Clay, silty, 1ediu1 gray 
HOLE I 1446 
Depth Description 
0.0- 0.3 TOP5oil, silty, black 
0.3- 1.8 Sand, fine to aediua, yellowish brollff 
1.8- 3.6 Clay, silty, till, yellowish brollff 
3.6- 6.0 Clay, silty, yellowish brown 
6.0- 6.4 · Coal and slack 
6.4- 9.6 Clay, silty, sandy, bluish gray 
9.6-10.3 Slack and coal 
10.3-12.4 Clay, silty, 1ediu1 gray 
12.4-15.S Clay, sandy, bluish gray, (about 45% sand) 
IS.S-1S.8 l!l)ck, sandstone 
15.8-18.2 Clay, silty, fflliu1 gray 
18.2-21.0 Sand, fine, bluish gray, {about 15% clay) 
21. 0-24.0 Clay, silty, 1ediu1 gray 
24.0-26.8 Coal 
26.8·27.l Slack, coal 
27.1-27.7 Coal 
27.7-28.0 Clay, silty, 1ediu1 gray 
HOLE I 1447 
Depth Description 
0.0- O.J TopSoil, silty, black 
0.3- 1.8 Sand, fine to 1ediu1 yellowish brown 
l.8- J.6 Clay, silty, till, yellowish broND, with a few rocks 
3.6- 6.0 Clar, silty, yellowish brOlll, bedrock 
6.0· 6.4 Coal and slack 
6.4· 9.6 Clay, silty, sandy, bluish gray 
9.6·10.3 Slack and coal 
APPENDIX C 
OVERBURDEN CHEMICAL AND TEXTURAL DATA 










































































9.0 2. 29 
pH EC 
7.8 0.96 




7.8 2. 07 • 
a.o 2.30 
8.4 2.38 
Ca Mg Na 
---- megLL -----
15.6 38.0 16.0 
20.8 32.0 18.0 
8.3 8.0 12.0 
19.1 24.0 9.0 
20.5 21. 0 12.0 
18.9 18.0 17.0 
19.1 17,0 22.0 
20.3 14.0 26.0 
10.6 7.0 30,0 
2.0 l. 1 18.0 
2.7 2.2 25.0 
1. 0 0,9 21.0 
I. 2 l. 0 23.0 
0,8 0.6 20.0 
0.7 0.5 20.0 
~a Mg Na 
---- megLL -----
3. 1 2.0 6.7 
5.5 3.1 6.2 
5.5 3.2 7.5 
5.9 3.3 5.8 
8.7 5,1 7,8 
9,2 5.2 8,6 
7.7 5.0 13.0 
5.2 3.6 14.0 
SAR CaHtg/ Sand Silt Clay 
Na2 % % % 
3.0 0.21 52.5 15.0 32.5 
3.5 0.16 27.5 10.0 62.5 
4.2 O. 11 55.0 15.0 30.0 
1.9 0.53 55,0 15.0 30.0 
2.6 0.29 33.8 22.5 43.7 
3.9 0,13 55.0 25.0 20.0 
5. l 0.07 35.0 42.5 22.5 
6.2 0.05 50.0 15.0 35.0 
10. l 0.02 27.5 35.0 37.5 
14.5 0.01 70.0 20.0 10.0 
16,0 0.01 58,B 22.5 18.7 
21. 6 o.oo 65.0 20.0 · l 5. 0 
21. 9 o.oo 55.0 25.0 20.0 
23.9 o.oo 45.0 35.0 25.0 ~ .i:,, 
25.8 o.oo 58.8 25.0 16.2 "' 
SAR Ca+Mg/ Sand Silt Clay 
Na 2 % % % 
4.2 0, 11 55,0 20.0 25.0 
2.9 0,22 88.8 2.5 8,7 
3.6 0.15 75.0 10.0 15.0 
2.7 0.27 57.5 5.0 37.5 
2.9 0.23 60.0 17.5 22.5 
3.2 0. 19 67.5 17.5 15.0 
5.1 0.08 53.8 20.0 26.2 
6.6 0.04 50.0 20.0 30.0 
"xf,~~<:.Ys'' '-},-,.,1~,.~·t:.:, 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole (m) ---- megLL ----- Na2 
,. % % 
955 12.2-13.7 8.5 2.23 3.0 2.3 14.0 8.6 0.03 53.8 10.0 36.2 
955 13.7-15,2 8,3 2.39 4,2 3.3 13.0 6.7 0,04 72,5 15.0 12.5 
955 15.2-16.8 8.3 2. 05 4.5 2.9 11. 0 5.7 0.06 75.0 15.0 10.0 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
f!ole (Ill} ---- megLL ----- Na2 
,. % % 
956 o.o- l.5 8.2 0.80 l. 0 2.1 6.0 4.8 0.09 77.5 12.5 10.0 
956 l. 5- 3. 0 8.0 5.87 15.7 34.0 20.0 4.0 0.12 75.0 10.0 15.0 
956 3.0- 4.6 7.8 4.88 18.4 29.0 21. 0 4.3 0. 11 40.0 27.5 32.5 
956 4.6- 6.1 7.8 5.54 18,2 33.0 19. 0 3.7 0. 14 66.3 20.0 13.7 
956 6.1- 7.6 7.8 3.75 14. l 20,0 14.0 3.3 0.17 65.0 12.5 22.5 
956 7.6- 9.1 7.8 4.62 17.9 20.0 16.0 3.6 0, 15 82.5 7.5 10.0 
956 9.1-10;7 7.8 3.75 14.1 15.0 14.0 3.6 0. 15 70.0 15.0 15.0 
956 12.2-13,7 7.8 3.70 13.5 13.0 13.0 3.6 0,16 70.0 10.0 20.0 
956 13.7-15.2 8.0 3.60 13.2 11. 0 14.0 4.0 o. 12 65.0 20.0 15.0 
..... ,,. 
956 15.2-16.8 7.8 3.36 11. 3 10.0 16.0 4.9 0.08 82.5 7.5 10.0 
J::- i 
Test Depth pH EC Ca Mg Na SAR Oa+Mg/ Sand Silt Clay 
Hole (m) ---- megLL ----- Nai 
,. % % 
957 0.0- 1.5 7.6 2.82 13.2 14.0 16.0 4,3 0.11 76.3 10.0 13.7 
957 l.5- 3.0 8.0 2,113 7.8 20.0 11. 0 2,9 0,23 62.5 15.0 22.5 
957 3.0- 4,6 7.9 3.03 10.4 16.0 11. 0 3.0 0.22 65.0 17.5 17.5 
957 4.6- 6.l 7.8 4.34 20.0 23.0 12.0 2.5 0.30 70.0 12.5 17.5 
957 6.1- 7.6 7.7 4.29 22.8 23.0 14.0 2.9 0.23 65,0 15.0 20.0 
957 7.6- 9.1 7,2 6.79 25.9 30.0 31. 0 5.8 0.06 72.5 16.0 12.5 
Test Depth pH EC Ca Mg Na SAR Ca-1-Mg/ Sand Silt Clay 
Hole (m} ---- meg{'.L ----- Nall % % % 
957 9.1 10.7 7,3 7.45 25.7 35,0 42.0 7.6 0.03 63.8 20.0 16.2 
957 10.7-12.2 7.2 6.90 25.5 38.0 41.0 7.2 0.04 65.0 17.5 17.5 
957 12.2-13.7 7.5 6.47 24.5 35.0 39.0 7. l 0.04 60.0 22.5 17.5 
957 13.7-18.3 7.6 6.74 24.2 31.0 40.0 7.6 0.03 60.0 22.5 17.5 
957 18.3-19,8 8,2 4.34 11. 4 16.0 34.0 9.1 0.02 66.3 20.0 13.7 
957 19,8-21.3 8.2 4.35 7.4 6. I 34.0 13.1 0.01 52.5 20.0 27.5 
957 21.3-22.9 8.6 2.99 3.3 2.9 29.0 16.5 0.01 65.0 20.0 15.0 
957 22.9-24.4 8,5 3.71 4.3 3.4 29. 0 14.8 0.01 15.0 22.5 62,5 
Test Depth pH EC Ca Mg Na SAR Ca-1-Mg/ Sand Silt Clay 
Hole (m} ---- megt'.L ----- Nall % %' % 
965 O. 0- L 5 6.9 2.62 6.4 6.9 16.0 6.2 0.05 55.0 25.0 20.0 
965 l.5- 3.0 7.8 5.61 19.3 24.0 35,0 7.5 0.04 16.3 47.5 36. 2 
965 3.0- 4,6 7.9 4.95 18.9 23.0 30,0 6.5 0.05 27.5 37.5 35.0 
... 
I"' 
965 4.6- 6.1 7.8 4.40 17.6 20.0 25,0 5.7 0.06 12.5 40.0 47.5 
V, 
965 6,1- 7.6 8,2 2.08 5.2 5.8 18.0 7.6 0.03 15.0 22.5 62.5 
965 7.6- 9.1 8.3 1. 70 l. 7 2.3 14.0 9.9 0.02 7.5 40.0 52.5 
965 9,1-10.7 8,8 l. 40 0.5 0.5 l l. 0 15.6 0.01 6.3 45.0 48.7 
965 10.7-12.2 B.9 1.17 0.3 0.1 11. 0 24.6 o.oo 12.5 50.0 37.5 
965 12.2-13.7 8.9 1.18 o.3 0. 1 10.0 22.4 0.00 16.3 45.0 3B.7 
965 13.7-15.2 9.0 l. 40 0.2 0.2 11. 0 24.6 o.oo 20.0 47.5 32.5 
965 15.2-16.8 9.0 1.54 0.3 0.2 13.0 26.0 o.oo 7.5 47.5 45.0 
965 16.8-18.3 9.8 1.70 o.3 0.2 15.0 30.0 o.oo 10.0 27.5 62.5 
Test . Depth pH BC Ca Mg Na SAR Ca-1-Mg/ Sand Silt Clay 
Hole {m ---- megt'.L ----- Nall % %' % 
966 0.0- 1.5 7.5 0.61 1.0 LO 4.8 4.8 0,09 70.0 12.5 17.5 
-.,Jl:;'l'\r\C';';C,,1·, ':V':i'".',\ 
Test Depth pll EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole {ml ---- me9LL ----- Na2 % % % 
966 1.5- 3.0 7.7 0.79 0.8 1. 1 6.6 6.7 0.04 60.0 25.0 15.0 
986 3.0- 4,6 6.8 1. 18 1. 0 1. 1 9.0 8.7 0.03 60,0 . 2 7. 5 12.5 
966 4.6- 6.1 6.8 1. 74 1.8 2.2 10.0 7.0 0.04 62.5 17.5 20.0 
966 l).1- 7,6 8.0 l. 36 0.8 0.7 10.0 ll.5 0.02 40.0 22.5 37,5 
966 7.6- 9.1 8.6 0.89 0.4 0.3 8.2 13.9 0.01 56.3 22.5 21. 3 
966 9.1-10.7 8,3 1.00 0.3 0.2 8.6 17.2 0.01 57.5 27.5 15.0 
966 10.7-12.2 8.0 1. 51 0.5 0.3 10.0 15.8 0.01 52.5 17.5 30.0 
966 12.2-13.7 8.8 l. 72 o.7 0.5 13.0 16.8 0.01 35.0 25.0 40.0 
966 13.7-15.2 8.8 1. 84 0.7 0.6 13.0 18.1 0.01 47.5 27.5 25.0 
966 15.2-16.8 8.7 2.20 O.B 0.7 17.0 19.6 0.01 56.3 20.0 23.7 
966 16.8-18.3 8.7 2.27 0.9 0.8 19.0 20.6 0.00 55.0 7.5 37.4 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Ho!.e (m ---- m~qLL ----- Na 2 % % % 
~ 
"' 967 0.0- 1.5 8.1 1. 67 2.2 5.4 12.0 6. 1 0.05 45.0 22.5 32.0 "' 
967 1.5- 3.0 7.8 6. 14 24.6 37.0 38.0 6.8 0. 04 40.0 25.0 35.0 
967 3.0- 4.6 6.8 6. 20 27.2 33.0 43.0 7.8 0.03 63.8 12.5 23.7 
967 4.6- 6,1 6. 1 5.98 24.4 30.0 38.0 7.2 0.04 35.0 12.5 52.5 
967 6.1- 7.6 7.6 5.71 24.1 26.0 37.0 7.3 0.04 37.5 25.0 37.5 
967 7.6- 9.1 8.4 3.68 8.0 12.0 32.0 10.1 0.02 32. 5 . 25.0 42.5 
967 9.1-10.7 7.9 3,21 4. 1 3.8 28.0 14.1 0.01 26.3 30.0 43.7 
967 10.7-12.2 8.6 2.93 2.6 2.4 28.0 17.7 0.01 37.5 20.0 42.5 
967 12.2-13.7 8.6 2.60 l. 5 1. 5 24.0 19,6 0.01 25.0 40.0 35.0 
967 13.7-15.2 8.7 2.52 1. 3 1. 3 25.0 21.9 0.00 60.0 15.0 25.0 
967 15.2-16.8 8.7 2.84 1. 5 1. 5 28.0 22.9 0.00 55.0 22,5 22.5 
967 16.8-18.3 8.7 2.78 1. 2 1. 2 28.0 25.6 0.00 40.0 32.5 27.5 
' , .... ,,, """'''''-"'l'l~-ill\"~•u*'Mm;:;;@:.l%mmJ x: . :: n : : : L i2 ; iii-' 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole (m ---- megLL ----- Na2 % % % 
967 18.3-19.8 8.6 3, 10 2.1 2.0 28.0 19.6 0.01 50.0 17.5 32.5 
Test Depth pH EC Ca Mg Na SAR Cs+Mg/ Sand Silt Clay 
Hole (ml ---- megLL ----- Na2 % 
,. % 
969 0. 0- 1. 5 7.7 2.04 3.5 5,6 17.0 7.9 0.03 43.B 30.0 26.2 
969 1.5- 3.0 7.9 5.82 17.9 33.0 21. 0 4.1 0. 12 40.0 25.0 35. 0 
969 6.1- 4.6 7.8 4.89 20.2 32.0 18.0 3.5 0. 16 35.0 27.5 37.5 
969 4.6- 6.1 7.6 3.86 20.7 24.0 14. 0 2.9 0.23 25.0 32.5 42.5 
969 6.1- 7.6 7.5 3.75 20.6 22.0 11. 0 2.3 0,35 40.0 25.0 35.0 
969 7.6- 9.1 7.6 3.64 18.6 21. 0 11. 0 2.4 0.33 5.0 50.0 45.0 
969 9.1-10.7 7.8 3.49 15.2 19.0 13.0 3.1 0.20 36.3 35.0 28.7 
969 10.7-12.2 7.9 2.23 6.1 11. 0 12.0 4. l 0. 12 25.0 40.0 35.0 
969 12.2-13.7 7.8 2.20 5. 1 6.6 12.0 4.9 0.08 20.0 42. 5 37.5 
969 13.7-15.2 8.2 l. 90 3.4 4.5 11. 0 5.5 0.07 30.0 15.0 55.0 ~ 
969 15.2-16.8 8.3 1.65 2.9 3.5 10.0 5.5 0.06 28.8 42.5 28.7 
,, 
"'" 
969 16.8-18,3 8. l I. 65 3.5 3.7 10.0 5.2 0.07 32.5 27,5 40.0 
Test Depth pH EC Cs Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole (ml ---- megLL ----- Na2 
,. % ,. 
978 o.o- 1.5 7,9 I. 97 3.3 5.8 14.0 6.5 0.05 37.5 27.5 35.0 
978 1.5- 3.0 8.0 5.71 15.9 23.0 26.0 6.9 0. 06 2.5 32,5 65.0 
978 3.0- 4,6 0.0 3.26 6.7 15.0 22.0 6.6 0.04 15.0 37.5 47.5 
978 4.6- 6.1 7.5 4.79 18.5 20.0 25.0 5.7 0.06 22.5 12.5 65.0 
978 6.1-7.6 8.0 2.29 3.3 4.5 12.0 6.0 0.05 32.5 10.0 57.5 
978 7. 6- 9. l 7.8 3.35 8.6 10.0 23.0 7.5 0.04 36.3 25.0 38.7 
.. ,-,-~-,. .. -----. 
lllllllllllli 
Test Depth pH .EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Jiole ( Ill ) ---- megLL ----- Na2 % " " 978 9.1-10.7 8. l 1. 82 3.0 3.8 16.0 8.6 0.03 22.5 15.0 62.5 
978 12.2-13.7 8.3 1.69 1. 6 1. 8 12.0 9.2 0.02 2.5 27.5 70.0 
978 13:7-15.2 7.4 2,07 2.4 2.5 16.0 10.2 0.02 6.2 17.5 76.3 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole (ml ---- megLI, ----- Na2 " " " 979 o.o- 1.5 7.9 0.57 1. 4 1. 9 3.3 2.5 0.30 52.5 22,5 25,0 
979 1.5- 3.0 7.9 0.53 1. 3 l. 9 2. 1 1. 6 0.73 50.0 22.5 27.5 
979 3.0- 4.6 8.0 3.27 10. 1 11. 0 13.0 4.0 0. 12 30.0 30.0 40,0 
979 4.6- 6.1 7.8 3.70 17,7 16.0 16.0 3.9 0.13 33.8 27.5 38.7 
979 6.1- 7.6 7.8 3.79 19. 1 16,0 16.0 1. 9 0. 14 22.5 10.0 67.5 
979 7.6- 9.1 7.8 3.10 13.5 12.0 16.0 4.4 0. 10 25.0 32.5 42.5 
979 9.1-10. 7 7.9 4.14 18, l 15.0 21. 0 5. l 0.08 35.0 40.0 25.0 
979 10.7-12.2 7.9 2.88 8.7 10.0 17.0 5.5 0.06 17.5 40.0 42.5 ~ 
979 12.2-13.7 7.9 2.95 7.3 8,3 17.0 6.0 0,05 18.8 40.0 41. 2 
,,. 
a, 
979 13.7-15.2 7.9 3.86 11. 8 12.0 22.0 6.3 0.05 17.5 37.5 45.0 
979 15.2-16.8 8.5 1. 73 3.3 3.7 15.0 8.0 0,03 13.8 47.5 38.7 
979 16.8-18.3 8.3 1. 47 1. 6 1. 8 13,0 9.9 0.02 22.5 25.0 52.5 
979 18.3-19.8 8. 1 1. 65 l. 7 l. 8 15.0 11. 3 0.02 7.5 20.0 72.5 
Test Depth pH llC Ca Mg Na SAR Cn+Mg/ Sand Silt Clay 
Hole (ml . ---- megLL ----- Na2 " " " 980 0. 0- 1.5 7.7 1. 07 3.4 4.1 2.7 1. 3 l. 03 41. 3 22.5 36.2 
980 1.5- 3.0 7.7 0.00 12.5 14.0 3.7 1. 0 l. 94 55.0 12.5 32.5 
980 3.0- 4.6 7.7 2.25 15. 8 17.0 4.3 1. 0 1. 77 7.5 25.0 67.5 
• 
.,,,. ... , , ,,.,,,,, ,,,,,,-,,,,cc,,, .• ,,,,,._1_1.~.ll!IJll!l!!!Uli 11.¥&41C Jli&$!5!2$ L#i .I Ji lid[ [2 id [Jib . Jj .. 
Test Depth pl! EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole _Jm ---- mcg.fL ----- Nai % % % 
980 4.6- 6.1 7.6 2.76 19.3 19.0 5,1 1. l 1. 47 22.5 22.5 55.0 
980 6.1- 7.6 7.6 2.75 20.7 19.0 4.4 0.9 2.05 16.3 35.0 48.7 
980 7.6- 9.1 7.6 2.75 20.0 18.0 6.3 1.4 0.96 37.5 25.0 37.5 
980 9.1-10. 7 7.6 2.93 19.6 19.0 6.6 1. 5 0.89 15.0 45.0 40.0 
980 10.7-12.2 7.6 2.99 21. 1 20.0 7.1 " 1.5 0.82 30.0 5.0 65.0 
980 12.2-13,7 7.3 2.99 19.8 22.0 6.6 1. 4 0.96 50.0 10.0 40.0 
980 13.7-15.2 5.2 4.28 23.9 33.0 7.8 1. 4 0. 94 10.0 65.0 25.0 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
llole (ml ---- megLL ----- Na2 !,; % " 1005 0.0- 1.5 7.9 0.70 1. 0 0.9 7.5 7,.7 0.03 67.5 15.0 17.5 
1005 1.5- 3.0 8.0 0.45 0.9 0. l 3.1 4,3 0. 10 50.0 22.5 27.5 
1005 3.0- 4,6 7.8 2,28 6.5 10.0 8.0 2.8 0,24 25.0 37.5 37.5 
1005 4.6- 6.1 7.8 2.50 5.9 10.0 9,0 3,1 0.20 28.8 47,5 23.7 
~ .,. 
1005 6.1- 7.6 8.4 1. 76 3.3 4.5 9.0 4.5 0. 10 20.0 35.0 45.0 "' 
1005 7.6- 9.1 8.6 1. 62 2.1 2.9 9.0 5.6 0.06 17.5 30.0 52.5 
1005 9.1-10.7 8.4 1. 90 2,4 2.8 12.0 7,4 0.04 22.5 20.0 57.6 
1005 10. 7-12c·2 8.6 2 .12 2.2 2.4 16.0 10.6 0.02 12.5 30.0 57.5 
1005 12.2-13.7 8.1 2 .18 1. 7 1.8 17.0 12.9 0.01 13,8 22.5 63.7 
1005 13.7-15,2 8.4 1.98 1.1 1.1 17.0 16.2 0.01 20.0 17.5 62.5 
1005 15.2-16.8 7.5 2.74 1. 9 1. 7 24.0 17.9 0.01 36.3 7.5 46.2 
1006 16.8-18.3 8,4 2.29 1. 2 1.1 21. 0 19.6 0.01 27.5 30.0 42.5 
1005 18.3-19.8 7,3 3.32 2.2 2.0 33.0 22.8 o.oo 60.0 17.5 22.5 
1005 19.8-21. 3 8.3 1. 90 0.6 0.3 21. 0 31. 3 o.oo 42.5 32.5 25.0 
1005 21.3-22.9 8.5 1. 90 0.6 0.3 18.0 26.8 0.00 37.5 37.5 25.0 
1005 22.9-24.4 8.7 1. 87 0.6 0.3 17.0 25.3 o.oo 35.0 40.0 25.0 
' 
Test llepth pll llC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole {ml ---- megLL ----- Na• % % % 
1005 24.4-25.9 8.7 1. 95 0.5 0.3 17.0 26.9 0.00 31. 3 32.5 36.5 
1005 25.9-27.4 8.8 1. 58 0,3 0.1 15.0 3.3. 5 o.oo 20.0 45.0 35.0 
1005 27.4-29.0 8.9 1. 76 0.5 0.2 15.0 25.4 o.oo 25.0 40.0 35.0 
1005 29.0-30.5 8.8 2.01 0.7 0.4 17.0 22.9 o.oo 20.0 32.5 47.5 
1005 30.5-32.0 9.1 1. 86 0.5 0.2 16.0 27,0 0.00 16.3 47.5 36.2 
1005 32.0-33.5 8.9 1.84 0.5 0.2 17.0 28.7 o.oo 20.0 37.5 42,5 
1005 33.5-35.l 8.5 1.86 0.5 0.3 17. 0 26.9 0.00 15.0 42.5 42.5 
1005 35.1-36.6 8.9 2.01 0.6 0.2 19.0 30.0 o.oo 20.0 27,5 52.5 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole {ml ---- megLL ----- Na• % % % 
1006 0.0- 1.5 7.4 0.42 1.4 l. 2 2.1 1. 8 0.59 85.0 10.0 5.0 
1006 L 5- 3. o 8.0 1. 58 2.3 2.9 13.0 8.0 0.03 80.0 10.0 10.0 
1006 3.0- 4.6 7.7 3.27 13.4 10.0 14.0 4.0 0.12 52.5 22.5 25,0 
.... 
V, 
1006 4,6- 6.1 7.8 3.15 8.8 7.7 22.0 7.6 0.03 48.8 25.0 26.2 
0 
1006 6.1- 7.6 7.8 3 .15 12,6 12.0 23.0 6.5 0.05 52.5 22.6 25.0 
1006 9.1-10.7 7.8 3.28 14, 6 11. 0 17,0 4.7 0.09 72.5 15.0 12.5 
1006 12.2-13.7 8.2 3.16 10. 9 9.0 21. 0 6.6 0.05 30,0 40.0 30.0 
1006 13.7-15.2 7.5 2.74 6.4 4.7 22.0 9.3 0.02 17,5 50.0 32.5 
1006 15.2-16.8 8.2 2. 12 2.2 l. 7 20.0 14.3 0.01 30.0 27.5 42.5 
1006 16.8-18.3 8.7 2. 12 0.0 0.4 20.0 25.8 o.oo 33.8 35.0 31. 2 
1006 18.3-19.8 8.5 2.34 0.9 0.5 23.0 27.5 o.oo 32.5 45.0 22.5 
1006 19.8-21.3 8.8 2.28 0.7 0.3 23.0 32.5 o.oo 42.5 30.0 27.5 
1006 21.3-22.9 8,6 2.84 1. 2 0,8 29.0 29.0 0.00 52. 5 30.0 17.5 
1006 22.9-24.4 8.8 2.41 0.8 0.5 25.0 31.0 o.oo 48.8 32.5 18.7 
1006 24.4-25.9 9.0 2.02 0.5 0.2 21. 0 35.5 0.00 40,0 30.0 30,0 
Test Depth pH EC Ca Mg Na SAR Ca+M!f/ Sand Silt Clay 
Hole (m ---- megLL ----- Ns
2 % % ~ 1 
1006 25.9-27.4 9.0 1. 75 0.4 0. 1 14. 0 28.0 o.oo 27.5 37.5 35.0 
1006 27.4-29.0 8.9 1. 85 0.5 0.2 17.0 28.7 o.oo 27.5 37.5 35.0 
1006 29.0-30.5 8.9 1. 84 0.5 0.2 17.0 28.7 0. 00 20.0 30.0 50.0 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole (m) ---- megLL ----- Na 2 % % % 
1007 o.o- 1.5 7.8 0.67 1. 1 2.3 4.0 3.0 0.21 37.5 27.5 35.0 
1007 L 5- 3. 0 7.7 3.62 18.5 17.0 11. 0 2.6 0.29 30.0 37.5 32.5 
}007 3.0- 4.6 7.8 2.45 10.3 14.0 8.0 2.3 0.38 35.0 27.5 37.5 
1007 4.6- 6.1 7.0 2. 16 10.6 10.0 8.0 2.4 0.32 21. 3 32.5 46.2 
1007 6.1- 7.6 7.8 2.77 13.2 9.0 10.0 3.0 0.22 37.5 7.5 55,0 
1007 7.6- 9.1 8.4 2.60 6.5 4,6 16.0 6.7 0.04 23.8 57.5 18.7 
1007 9.1-10. 7 8.4 1. 98 3. 1 2.2 17.0 10.4 0.02 27.5 42.5 30.0 
1007 10.7-12.2 8.3 1. 06 1. 9 1.4 0.0 6.2 0,05 22,5 22.5 55,0 
~ 
V, 
1007 12.2-13.7 8.8 1. 79 0.7 0.3 17.0 24.0 o.oo 27.5 37.5 35.0 
~ 
1007 13,7-15.2 9.0 2.23 0.8 0.4 22.0 28.4 o.oo 30.0 40.0 30.0 
1007 15.2-16.8 9.1 2.12 0.6 0.3 23.0 34.3 0.00 27,5 37.5 35.0 
1007 16.8-18.3 8.9 2.23 0.7 0,3 24.0 33,9 o.oo 43.6 27.5 26.2 
1007 18.3-19.8 9.0 2.04 0.5 0.3 23.0 36.4 o.oo 17.5 32.5 50.0 
1007 19.8-21.3 8.2 1. 97 0,5 0,2 23.0 38,9 0.00 15.0 17.5 67.5 
Teat Depth pH EC Ca M!f Na SAR Ca+Mt/ Sand Silt Clay 
Hole (ml ---- megLL ----- Na2 % % % 
1,008 o. 0- 1.5 7.6 0.80 1. 7 1. 0 8.2 7.0 0, 04 85.0 10.0 5.0 
1008 L 5- 3. 0 7.9 0.70 1. 9 2.5 3.3 2.2 0.40 70.0 17.5 12.5 
Test Depth pll EC Ca . Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole (m) ---- megLL ----- Naa % 
,. ,. 
1008 3. 0-:- 4. 6 7.7 1. 97 7.4 8.3 6.3 2.2 0.40 61. 3 20.0 18. 7 
1008 4.6- 6.1 7.7 2.29 9.5 9.0 12.0 3.9 0,13 45.0 30.0 25.0 
1008 4.6- 6.1 7.7 2.29 9.6 9.0 12.0 3.9 0. 13 45.0 30.0 25.0 
1008 6.1- 7.6 7.7 2.72 12,5 12.0 11. 0 3, 1 0.20 32.5 27.5 40.0 
1008 7. 6- 9, 1 8.0 2.55 10.0 10.0 13.0 4.1 0.12 20.0 37.5 42.5 
1008 9.1-10.7 8. 1 2.63 6.4 6.0 18.0 7.2 0.04 25.0 37.5 37.5 
1008 10.7-12.2 8.3 2.59 4.7 4.6 22.0 10.2 0.02 28.8 35.0 36.2 
1008 12.2-13.7 8.5 2.51 2.8 2.8 26.0 16.5 0.01 42.5 27.5 30.0 
1008 13.7-15.2 8.8 2.28 l. 3 1. 3 24.0 21. l o.oo 26.3 35.0 38.7 
1008 15.2-16.8 8.6 2.72 l. 2 1. 2 29.0 26,5 0.00 25.0 20.0 55.0 
Test Depth pH EC Oa Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole (m) ---- megLL ----- Naa % % % 
1009 0.0- 1.6 7.6 0.49 I. 5 1. 9 2.4 1.8 0.59 62.5 15.0 22.5 ~ 
1009 1.5- 3.0 8.0 0.61 0.6 1.6 3.9 3.7 0.14 47.5 22.5 30.0 
V, 
N 
1009 3.0- 4.6 8. l 0.65 0.6 1. 4 5.2 5.2 0.07 32.5 22.5 45.0 
1009 4. 6- 6. l 6.9 4. 18 17,0 31. 0 17.0 3.4 0.17 33.8 37.5 28.7 
1009 6.1- 7.6 5.7 5.05 20.6 40.0 18.0 3.2 0.19 52.5 10.0 37.5 
1009 7. 6- 9. l 6.2 2. 84 7.0 16.0 21.0 6, 1 0,05 32.5 25,0 42.5 
1009 9.1-10.7 7.8 2.23 3.4 4.5 20.0 10.l 0.02 12.5 45.0 4 2. 5 
1009 10.7-12.2 8.1 1.47 1. 3 1.4 17,0 14.6 0.01 25.0 37.5 37.5 
1009 12.2-13.7 7.6 1.96 l. 0 1.0 19.0 19.0 0.01 35.0 35.0 30.0 
1009 13.7-15.2 8.5 1. 39 0,4 0.2 16.0 29.3 o.oo 10.0 42.5 47.5 
1009 15.2-16.8 8.7 1.63 0.6 0.3 17.0 25.4 0.00 26.3 35.0 38.7 
1009 16.8-18.3 8.4 2.23 I. 3 1.0 22.0 20.5 o.oo 27.5 30.0 42.5 
1009 18.3-19.8 8.5 3.25 I. 6 1. 7 33.0 25.7 o.oo 27.5 35.0 37.5 
di.l!i :_,,:;;,cA~ 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand silt Clay 
Hole (ml ---- megLL ----- Na2 % % % 
1009 19.8-21.3 8.7 2,85 1. 1 1. 2 34.0 31. 7 o.oo 15.0 37.5 47. 5 
Test Depth pll EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole (ml ---- megLL ----- Na 2 % % % 
1017 o.o- 1.5 8.0 0.46 0.8 0.9 3.9 4.2 0.11 52.5 17.5 30.0 
1017 1.5- 3.0 7.8 3.54 18.0 20.0 12.0 2.7 0.26 40.0 25,0 35.0 
1017 3.0- 4.6 7.8 3.32 20.2 24.0 14.0 2.9 0.23 35.0 25.0 40.0 
1017 4,6- 6.1 7.8 1. 52 8.3 9,0 9.0 3.0 0.21 27.5 27.5 40.0 
1017 6.1- 7.6 7.9 0.89 3.9 3.8 2.0 1. 0 1. 93 16.3 40.0 43.7 
1017 7.6- 9.l 8.0 0.70 2.2 2.2 3,8 2.5 0.30 25.0 42.5 32.5 
1017 10.7-12.2 7.4 1. 96 8.5 6.8 6.5 2.3 0.36 23.8 37.5 38.7 
'1017 12.2-13.7 8.2 1. 00 2.4 1. 6 8.5 6.0 0.06 52.5 32.5 15.0 
1017 13.7-15.2 8. 1 1. 05 1. 0 0.3 11. 0 13.6 0.01 47.5 30.0 25.0 
1017 15.2-16.8 8.9 1. 09 0.4 0.2 10.0 18.3 0.01 22.5 17.5 60.0 
.., 
"' 
1017 16.8-18.3 9.0 1. 15 0.3 0. 1 10.0 22.4 o.oo 15.0 20.0 65.0 
vi 
1017 18.3-19,8 8.8 1. 21 0.3 0. 1 11. 0 24.6 o.oo 10.0 20.0 70.0 
1017 19.8-21. 3 8.2 1.13 0.4 0. 1 11. 0 22.0 0.00 13.8 27.5 58. 7 
1017 21.3-22,9 7,5 1. 90 0.5 0.2 19.0 32.l o.oo 32.5 17.5 50.0 
1017 22.9-24,4 8.6 0.92 0.2 0. l 10.0 25,8 o.oo 27.5 35.0 37.5 
1017 24.4-25.9 8.2 1. 33 0.2 0. l 14.0 36.2 o.oo 55.0 20.0 25.0 
1017 25.9-27.4 8.7 1. 20 0,2 0. 1 12.0 31.0 o.oo 33.8 27.5 38.7 
1017 27.4-29.0 9.0 1.11 0.2 0. 1 11. 0 28.4 o.oo 25.0 32.5 42.5 
1017 29.0-30.5 9.0 0.93 0.2 0. l 9.0 23.3 o.oo 22.5 40.0 37,5 
1017 30.5-32.0 9.3 1.09 0.2 0.1 10.0 25.8 o.oo 35.0 35.0 30.0 
1017 32.0-33.5 9.3 0.91 0.2 0. 1 9.0 23.3 o.oo 37.5 37.5 25.0 
1017 33.5-35.1 9.3 0.82 0.2 0.1 9.0 23,3 o.oo 32.5 40.0 27.5 
Test Depth pH llC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole {ml ---- rnegLL ----- Na2 % .% % 
1017 35.1-36.6 9.3 0.88 0.2 0. l 9.0 23.3 o.oo 25.0 40.0 35.0 
1017 36.6-38.l 9. l 0. 87 0.2 0. l 8.0 20.7 o.oo 16.3 42.5 41. 2 
1017 38.1-39.6 9.2 0.99 0.3 0.1 9.0 20.1 0.00 5.0 25,0 70.0 
1017 39.6-41.l 9. 1 0.95 0.3 0. l 9.0 20. 1 0.00 10.0 17.5 72.5 
Test Depth pH llC Ca Mg Na SAR Ca+Mg/ Sand .Si 1 t Clay 
!Jole (ml ---- meglL ----- Nall % % % 
1018 o.o- 1.5 7.2 0 .. 27 0.8 0.7 2.0 2.3 0.38 80.0 12.5 7.5 
1018 L 5- 3. 0 8.3 0.75 0.9 1. 5 5. l 4.6 0.09 51. 3 25.0 23.7 
1018 3,0- 4.6 8.2 0.49 0.9 l. 1 3.2 3.2 0.20 55.0 25.0 20.0 
1018 4.6- 6.1 8. l 0.38 l. 0 0,9 1. 7 l. 7 0.66 62.5 .20.0 17.5 
1018 6.1- 7.6 B.2 0.71 J.l l. 0 4.2 4. l 0. 12 32.5 40.0 27.5 
1018 7.6- 9.1 8,5 0.77 0.4 0.2 7.6 o.o 0.01 62.5 20.0 17.5 
1018 9.1-10.7 8,6 0.90 0.3 0. l 10.0 22.4 0.00 62.0 17.5 20.5 
... 
V, 
1018 10.7-12.2 8,9 0.93 0,3 0,1 10.0 22.4 o.oo 5.0 22.5 72.5 ~ 
1018 12,2-13.7 B.8 1. 00 0.3 0.1 11.0 24.6 o.oo 16.3 22.5 61. 2 
1018 13.7-15.2 8,3 1. 21 0,3 0. l 12.0 26.8 0.00 17.5 22.5 60.0 
1018 15.2-16.8 9.0 0. 78 0.4 0.1 7.4 14.8 0.01 10.0 15.0 75.0 
1018 16.8-18.3 7.2 2.77 1. l 0,6 25,0 27.1 o.oo 55.0 15.0 30.0 
1018 18.3-19.8 8.4 0.93 0.3 0.1 10.0 22.4 o.oo 17.5 50.0 32.5 
1018 19.8-21.3 8.3 0,92 0.5 0,2 10,0 16.9 0.01 23.8 40.0 36.2 
1018 21. 3-22. 9 7.4 1. 45 0.8 0.5 13.0 16.l 0.01 60.0 22.5 17.5 
1018 22.9-24.4 8.4 0.96 0.3 0.1 11. 0 24.6 o.oo 26.3 35.0 38.7 
1018 24.4-25.9 8.6 0.82 0.2 0.1 9.0 23.2 o.oo 45.0 37.5 17.5 
1018 25.9-27.4 8.6 0,96 0.2 0, 1 11. 0 28.4 o.oo 27.5 32.5 40.0 
1018 27.4-29.0 8.9 0.99 0.3 0, I 10.0 22.4 o.oo 52.5 30.0 17.5 
Teat Depth pll EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole (m) ---- meg/L ----- Na2 
,. % % 
1018 29.0-30.5 8.9 0.82 0.2 0. 1 10.0 25.8 o.oo 35.0 40.0 25.0 
1018 30.5-32.0 8.9 0,85 0.2 0. l 10.0 25.8 o.oo 20.0 40.0 40.0 
1018 32.0-33.5 8.9 0,82 0.2 0.1 9.0 23, 2 . o.oo 18.8 50.0 31. 2 
1018 33.5-35.] 9.0 0.76 0.2 0. l 8.7 22.5 o.oo 17.5 50.0 3 2. 3 
1018 35.1-36.6 9.0 0.85 0.2 0. l 10.0 25.8 o.oo 22.5 32.5 45,0 
1018 36.6-38.l 8.5 0.89 0.3 0. l 10.0 22.4 0.00 22.5 17.5 60.0 
1018 38.1-39.6 7.7 1. 53 0,3 0. 1 16.0 35.8 0,00 68.8 17.5 13.7 
Teat Depth pll EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
fiole (m) ---- meg/L ----- Na2 
,. % % 
.1019 0.0- 1.5 7.5 4.95 18.4 24.0 25.0 5.4 0.07 52.5 20.0 27.5 
1019 1.5- 3.0 8. 1 2.04 4.5 6.8 11. 0 4.6 0,09 52.5 20.0 27.5 
1019 3.0- 4.6 B.2 0.40 l. 5 2.5 l. 6 I. 1 l. 56 35.0 32.5 32.5 
1019 4. 6- 6. 1 8. l 0.30 0.9 l. 3 0.9 0.8 2.72 55.0 27.5 17.5 
~ 
"' 
1019 6.1- 7.6 8,5 0.47 l. 1 l. 3 1.6 l. 4 0.94 70.0 15.0 15.0 "' 
1019 7.6- 9.1 8.5 0.79 LO I. 0 5.7 5.7 0,06 68.8 17.5 13,7 
1019 9.1-10.7 8.4 0.83 0.9 0.6 7.5 8.6 0.03 10.0 37.5 52.5 
1019 10.7-12.2 8.5 0.83 0.7 0.3 8. l 11. 5 0.02 32.5 22,5 45.0 
1019 12,2-13.7 8.7 1. 02 0.6 0.3 10.0 14.9 0.01 7.5 27.5 65.0 
1019 13.7-15.2 8.5 0.91 0.3 0.1 0.9 20. 1 0.49 12.5 20.0 67.5 
1019 16.2-16.8 8.8 1. 04 0.4 0.1 9.0 18.0 0.01 11. 3 15.0 73.7 
1019 16.8-18.3 7.8 1.65 0.4 0.1 14.0 28.0 o.oo 47.5 15.0 37.5 
1019 18.3-19.8 8.9 1. 21 0.3 0. 1 12.0 26.8 o.oo 18.8 40.0 41. 2 
1019 19.8-21.3 8.4 1. 53 0,4 0. 1 14.0 28.0 o.oo 25.0 47.5 27.5 
1019 21.3-22.9 7.5 2.40 0.6 0.2 22.0 34,8 o.oo 57.5 25.0 17.5 
1019 22.9-24.4 8.1 l. 75 0.3 0. l 18.0 40.3 o.oo 30.0 25.0 45,0 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole ! ml ---- megLL ----- Na• % % % 
1019 24.4-25.9 8.6 1. 32 0.3 0.1 14.0 31. 3 o.oo 22.5 32.5 45.0 
1019 25.9-27.4 8.9 0.93 0.2 0. 1 9.0 23.3 o.oo 55.0 20.0 25.0 
1019 27.4-29.0 7.8 2.78 1.1 0.5 24.0 26.8 0.00 43.8 22.5 33.7 
1019 29.0-30.5 9.0 1.14 0.2 0. 1 14.0 36.2 o.oo 15.0 45.0 40.0 
1019 30.5-32.0 9. 1 0.87 0.3 0; 1 9.0 20.l o.oo 15.0 50.0 35.0 
1019 32,0-33.5 9.0 0.95 0.5 0.1 10.0 18.3 0.01 42.5 30.0 27.5 
1019 33.5-35.l 8.9 0.91 0.4 0. l 10.0 20.0 0.01 8.8 32.5 58.7 
Test Depth pH EC Ca Mg Na SAR Ca+Mg/ Sand Silt Clay 
Hole (ml ---- megLL ----- Na• % % % 
1020 0.0- 1.5 7.2 0.45 0.4 0.2 4.8 8.7 0.03 70.0 7,5 22.5 
1020 1. 5- 3. 0 7.9 0.75 1. 3 2.0 4.7 3.6 0. 15 32.5 17.5 50.0 
1020 3.0- 4.6 8.1 0.66 1. 2 2. 1 3.3 2.5 0.30 17.5 17.5 65.0 
1020 4.6- 6.1 6.8 1. 36 5.3 5.8 3.0 1. 2 1. 23 41. 3 20.0 3B.7 
.... 
u, 
1020 6.1-7.6 8.2 0.59 1.8 2. 1 3.6 2.5 0.30 20.0 47,5 32.5 "' 
1020 7.6- 9.1 7.6 0.92 1. 8 2.0 6.0 4.3 0.11 25.0 35.0 40.0 
1020 9.1-10.7 6,9 l. 64 1. 5 1. 4 14.0 11. 6 0.01 67.5 17.5 15.0 
·1020 10.7-12.2 7.9 1. 65 0.8 0.4 14.0 18. l 0.01 27.5 35.0 37.5 
1020 12.2-13.7 8,8 0.96 0.2 0. l 9.0 23.3 o.oo 46.3 32.5 21. 2 
1020 13.7-15.2 8.8 0.87 0.2 0.1 9.0 23.3 o.oo 27.5 42.5 30.0 
1020 15,2-16.8 8.9 0.80 0.2 0. l 8.0 20.7 0.00 51. 3 27.5 21. 2 
1020 16.8-18.3 7.6 2.84 l. 1 0.5 25.0 28.0 0.00 32.5 25.0 42.5 
1020 18:3-19.8 8.6 1. 09 0.2 0. l 15.0 38.8 o.oo 15.0 45.5 37.5 
1020 19.8-21.3 8.8 0.84 0.2 0. l 8.4 21. 7 o.oo 30.0 37.5 32.5 
1020 21,3-22.9 8.7 1. 06 0.3 0. 1 9.0 20.1 o.oo 10.0 27.5 62.5 
Test Depth pH EC Ca Mg Na SAR Cs+Mg/ Sand Silt Clay 
Hole (ml - -- megl'.J, ----- Na2 % % % 
1021 0. 0- L 5 6.1 5.60 16.6 35.0 37.0 37.5 0.04 30.0 32.6 0.0 
Test Depth pH EC Ca Mg Na 
Hole (m) ---- megfL -----
1021 1.5- 3.0 5.2 2.89 7.7 13.0 27.0 
1021 3.0- 4.6 6.9 l. 42 2.2 2.7 13.0 
1021 4.6- 6.1 7.2 2.27 l.9 1. 8 18.0 
1021 6.1- 7.6 8.5 0.96 0,3 0. 1 10.0 
1021 7.6- 9.1 8.7 0.87 0.3 0. 1. 9.0 
1021 9,1-10.7 7.5 1. 90 0.7 0.3 16.0 
1021 10.7-12.2 8.7 0.87 0.3 0.1 10.0 
1021 12.2-13.7 8.7 0.84 0. 3 0. l 8.0 
1021 13.7-15.2 8.8 1. 06 0.3 0. l 10.0 
SAR Ca+Mg:/ Sand 
Na 2 % 
8.3 0.03 61. 3 
8.3 0.03 20.0 
13.2 0.01 8.8 
22.4 o.oo 30.0 
20. l 0.00 27.5 
22.6 0.00 40.0 
22.4 o.oo 47.5 
17.9 0.01 27.5 































Groundwater Levels - Beulah Mine 
r West Brush Creek Development Area 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
0957 10/24/79 578.662 












0957 04/15/81 576.834 
0957 06/15/81 579.516 
0957 07/21/81 -------
0957 08/19/81 -------
0957 10/14/81 577.596 
0957 11/17/81 577. 565 
0957 12/15/81 577.565 
0957 01/12/82 577.565 
0957 04/29/82 577.504 
0957 06/23/82 577.656 
0957 07/23/82 578.327 
0957 08/30/82 578.388 
0957 09/27/82 578.418 
0957 10/27/82 578.553 
0957 11/26/82 578.638 
0957 12/21/82 578.632 
0957 01/24/83 578.565 
0957 02/24/83 578.620 
0957 03/22/83 578.562 
0957 04/20/83 578.553 
0957 05/26/83 578.534 
0957 06/2!:!/83 578.601 
0957 07/29/83 578.525 
0957 08/22/83 578.534 
0957 09/23/83 578.437 
0957 10/25/83 578.522 
0957 11/22/83 578.434 
0957 12/28/83 578.403 
0957 01/23/84 578.406 
0957 02/21/84 578.391 
0957 03/22/84 578.382 
0957 04/24/84 578. 656 
·~- • M .. •S 
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Groundwater Levels - Beulah Mine 
West Brush Creek Development Area 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
0957 05/25/84 578.458 
0957 07/26/84 578.519 
0957 08/30/84 578.345 
0957 09/25/84 578.321 
0957 10/29/84 578.321 
0957 11/28/84 578.312 
0957 12/19/84 578.394 
0957 01/15/85 578.303 
·0957 02/12/85 578.297 
0957 03/27/85 578.303 
0957 08/08/85 578.229 
0957 10/22/85 578.434 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
0959 11/20/79 608.563 
0959 04/28/80 608.594 
0959 05/22/80 608.533 
0959 06/27/80 608.441 
0959 07/15/80 608.380 
0959 08/15/80 608,319 
0959 09/15/80 608.350 
0959 11/15/80 608.380 
0959 12/15/80 608.411 
0959 01/28/81 608.411 
0959 02/19/81 608.411 
0959 03/10/81 608.380 
0959 04/15/81 608.411 
0959 06/15/81 608.411 
0959 07/21/81 608.411 
0959 08/19/81 608.441 
0959 09/14/81 608.380 
0959 10/14/81 608.411 
0959 11/17/81 608.380 
0959 12/15/81 608.380 
0959 01/12/82 608.350 
0959 02/19/82 608.319 
0959 03/25/82 608.594 
0959 04/29/82 609.447 
0959 06/23/82 609.752 
0959 07/23/82 609.752 
0959 08/30/82 609.630 
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Groundwater Levels - Beulah Mine 
West Brush Creek Development Area 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -·---------
0959 09/27/82 609.600 
0959 10/27/82 610.087 
0959 11/26/82 610.112 
0959 12/21/82 610.118 
0959 Ol/24/83 610.014 
0959 02/24/83 609.968 
0959 03/22/83 610.017 
0959 04/20/83 610.218 
0959 05/26/83 610.255 
0959 06/29/83 610.215 
0959 07/29/83 610.063 
0959 08/22/83 609.862 
0959 09/23/83 609.788 
0959 10/25/83 609.749 
0959 11/22/83 609.593 
0959 12/28/83 609.578 
0959 01/23/84 609.496 
0959 02/21/84 609.569 
0959 03/22/84 609.539 
0959 04/24/84 609.639 
0959 05/25/84 610. 197 
0959 07/26/84 610.331 
0959 08/30/84 610.136 
0959 09/25/84 610.029 
0959 10/29/84 610.096 
0959 11/28/84 609.907 
0959 12/19/84 609.935 
0959 01/15/85 609.923 
0959 02/12/85 609.837 
0959 03/27/85 610.227 
0959 08/08/85 610.782 
0959 09/04/85 611.017 
0959 10/22/85 611.047 
WELL NUMBRR DATR WATER LEVEL 
dy/mo/yr (DI} 
----------- -------- -----------
0966 10/24/79 591.799 
0966 04/28/80 589.269 
0966 05/22/80 589.239 
0966 06/27/80 589.239 
0966 07/15/80 589.178 






















Groundwater Levels - Beulah Mine 
West Brush Creek Development Area 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr {m) 
----------- --------- -----------
0966 08/30/84 589.397 
0966 11/28/84 588.867 
0966 12/19/84 588.888 
0966 01/15/85 588.919 
0966 02/12/85 588.925 
0966 03/27/85 588.861 
0966 08/08/85 588.821 
0966 09/04/85 588,943 
0966 10/22/85 588.949 
' WELL NUMBER DATE WATER LEVEL 
dy/mo/yr {m) 
----------- -------- -----------
1009 04/28/80 596.188 
1009 05/22/80 596.188 
1009 06/27/80 596.158 
1009 07/15/80 596.127 
1009 08/15/80 596.127 
1009 09/15/80 596.127 
1009 11/15/80 595.579 
1009 12/15/80 595.731 
1009 03/10/81 595.579 
1009 04/15/81 595.609 
1009 06/15/81 595.701 
1009 07/21/81 595.701 
1009 08/19/81 595.701 
1009 09/14/81 595.670 
1009 10/14/81 595.701 
1009 11/17/81 595.670 
1009 01/12/82 595.670 
1009 02/19/82 595.853 
1009 03/25/82 595.701 
1009 06/23/82 596.219 
1009 07/23i82 596.219 
1009 08/30/82 596.127 
1009 09/27/82 596. 127 
1009 10/27/82 596.143 
1009 11/26/82 596.213 
1009 12/21/82 596.225 
1009 01/24/83 596.225 
1009 02/24/83 596.228 
1009 03/22/8~ 596.069 
1009 04/20/83 596.188 
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Groundwater Levels - Beulah Mine 
West Brush Creek Development Area 
-WELL NUMBER DATE WATER LRVRL 
dy/mo/yr (m) 
------------ -------- -----------
1009 05/26/83 596.225 
1009 06/29/83 596.307 
1009 07/29/83 596.243 
1009 08/22/83 596.234 
1009 09/23/83 596.182 
1009 10/25/83 596.213 
1009 11/22/83 596.170 
1009 12/28/83 596. 140 
1009 01/23/84 596.146 
1009 02/21/84 596.136 
1009 03/22/84 596.118 
1009 04/24/84 596.173 
1009 05/25/84 596.237 
1009 07/26/84 596. 295 
1009 08/30/84 596. 185 
1009 09/25/84 596.274 
1009 10/29/84 596.240 
1009 11/28/84 596 .158 
1009 12/19/84 596.207 
1009 01/15/85 596.243 
1009 02/12/85 596.228 
1009 03/27/85 596,170 
1009 08/08/85 596.082 
1009 10/22/85 596.258 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1078 01/15/85 589.437 
1078 03/27/85 589.437 
1078 08/08/85 589.361 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1358 09/06/84 596.524 
1358 11/21/84 596.551 
1358 12/19/84 596.524 
1358 01/16/85 596.636 
1358 02/12/85 596.661 
1358 03/27/85 596.636 
1358 08/09/85 596.816 
1358 09/04/85 597.014 
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Groundwater Levels - Beulah Mine 
West Brush Creek Development Area 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- ------------
1358 10/22/85 595.365 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1359 09/06/84 596.880 
1359 11/21/84 596.880 
1359 12/19/84 596.880 
1359 01/16/85 596.987 
1359 02/12/85 596.987 
1359 03/27/85 597.027 
1359 08/09/85 596.033 
1359 09/04/85 596.234 
1359 10/22/85 596.216 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1360 09/06/84 598.078 
1360 11/21/84 598.081 
1360 12/19/84 598.078 
1360 01/16/85 598.099 
1360 03/27/85 598.057 
1360 08/09/85 596.234 
1360 09/04/85 596.411 
1360 10/22/85 596.341 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1371 09/06/84 589.248 
1371 11/21/84 589.973 
1371 12/19/84 589.248 
1371 02/12/85 589.233 
1371 03/27/85 589.260 
1371 08/09/85 -------
1371 10/22/85 589.230 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (Ill) 
----------- -------- -----------
1372 09/06/84 603.577 
1372 11/21/84 603.613 
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Groundwater Levels - Beulah Mine 
West Brush Creek Development Area 
,WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (Ill) 
----------- -------- ------------
1372 12/19/84 603.577 
1372 01/16/85 603.568 
1372 02/12/85 603.564 
1372 03/27/85 603.510 
1372 08/09/85 603.622 
1372 09/04/85 603.717 
1372 10/22/85 603.622 









WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1394 09/20/84 610.947 
1394 11/21/84 612.593 
1394 12/19/84 612.471 
1394 01/16/85 612.401 
1394 02/13/85 612.251 
1394 03/27/85 612.367 
1394 08/09/85 612.373 
1394 09/04/85 612.361 
1394 10/22/85 612.291 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (Ill) 
----------- -------- ----------- . 
1395 09/20/84 606.838 
1395 11/21/84 606.893 
1395 12/19/84 606.838 
1395 01/16/85 606.832 
1395 02/13/85 606.594 
1395 03/27/85 606.548 
1395 08/09/85 607.170 
1395 09/04/85 607.097 
1395 10/22/85 606.786 
-
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Groundwater Level- - Beulah Mine 
Weat Brusn Creek Development Area 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr ( m) 
----------- -------- -----------
1440 09/04/85 587.532 
1440 10/23/85 587 .517 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1441 09/04/85 590.961 
1441 10/23/85 590.985 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1442 09/04/85 588.090 
1442 10/23/85 587.928 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1443 09/04/85 607. 015 
1443 10/23/85 606.841 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1444 09/04/85 611.940 
1444 10/23/85 611.895 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- --------- -----------
1445 09/04/85 589.150 
1445 10/23/85 589.129 
WELL NUMBER D.ATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1446 08/09/85 593.857 
1446 09/04/85 594.082 
1446 10/23/85 -------
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Groundwater Levels - Beulah Mine 
West Brush Creek Development Area 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1447 09/04/85 613.205 
1447 10/23/85 612.989 
WELL NUMBER DATE WATER LEVEL 
dy/mo/yr (m) 
----------- -------- -----------
1448 08/09/85 612.891 
1448 09/04/85 612.946 
1448 10/23/85 612.922 
APPENDIX E 
GROUNDWATER QUALITY DATA 
( See Plate 4 for locations) 
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GRnt JNOWATER ANALYSES: SCHOOLHOUSE LIGNITE flED 
Lab F.ield Total Dissolved 
Well ()ate TOS fie lei Lab Field Cond. Cond. Hardness Iron Iron 
Number da/mo/yr mg/L Temp. •c, pH pH umohs/cm umohs/cm mg/L mq/L 
1394 05/17 /65 3441 6,2 5,9 6.0 3671 3800 1925 n.20 -
1394 10/03/85 4639 9.6 5.9 5.8 4J03 5000 2500 - 0.75 
1444 07 /25/65 1347 12.4 8.0 7.8 1792 2200 92 1.30 
1444 10/02/65 1024 12,7 6.2 6, 1 1514 1600 45 - n.1 s 
1447 06/22/65 2444 14.9 6.4 6.6 2687 3200 1560 1.00 
1447 10/03/85 3164 6.7 6.4 6.2 3375 3800 1904 - 1.57 
1448 06/23/65 7648 15.5 6,6 6.7 7751 9000 2437 1,30 










1447 1. 7 
1447 1.8 




Ca Mg Na Cl 504 
mg/L mg/L mg/L mg/L mg/L 
354.0 253.0 283 26.8 2058 
444.0 338.0 335 27.5 2824 
20,2 10.1 407 2,5 559 
9.6 5.0 360 5,5 349 
Jns.o 197 .o 160 13,0 1200 
390.0 226,0 181 16.5 1874 
478.0 302.0 1372 94 .o 4760 
467.0 293.0 1407 59,0 4500 
SOIOOLHOI.ISE LIGNITE AfD1 can't. 
N03 Carb, Aicarb. Anions 
mg/L mg/L mg/L meq/L 
(1.0 0 229 48.2 
1. 1 0 240 64.5 
· <1.0 0 458 20.9 
1, 7 0 480 17 .1 
(1,0 0 346 32.3 
1.2 0 456 48,7 
<1.0 0 618 114,2 























GROUNDWATER ANAL VSES: AEULAH-ZAP LTGNTTE BEO 
Lab F"i el d Tot al Oissolved 
Well Oate TDS field Lab Field Cond, Cond. Hardness Iron Iron 
Number da/mo/yr mg/L Temp. °C pH pH umoha/cm umohs/cm mg/L mg/L 
0959 12/22/79 6392 - 7.3 - .4900 - - 11. 70 
0959 10/01/80 5150 - 7.4 - 4660 - - 1,40 
0959 03/25/61 4440 8 ,0 7.1 - 5600 - - 0,05 
0959 09/16/81 4400 15.0 - 6.8 5600 4500 - 0; 19 
0959 03/28/82 5000 9.0 - 7.0 6000 4100 - 0,05 
0959 08/14/82 6700 16,0 - 6 .B 5700 4700 - o.o 
0959 05/12/83 6500 5.0 - 6.B 7500 7500 - 0.06 
0959 09/19/83 7157 8.0 6.8 6,7 6603 6600 3259 0,05 
0959 03/16/84 7404 7,0 6.8 6 .B 6671 7100 3309 o.oe 
0959 10/24/84 6879 7,6 6.9 6.7 6302 7000 3427 5.70 
0959 06/21/85 61150 16,B 6.6 6.7 6422 7000 3504 0.30 - ~ "" 0966 10/05/79 6328 - 7.4 - 2500 - - 36.80 ~
0966 10/01/BO 1810 - 8.~ - 2360 - - 1.50 
0966 03/25/81 1660 8.5 6.9 - 3400 - - 0,25 
0966 09/19/81 1700 15.0 - 6,8 2600 2050 - o.ee 
0966 03/27/82 1600 8.0 - 6,7 2300 1500 - 0,10 
0966 Ofl/14/82 1900 19.0 - 6,8 2600 2300 - 0.29 
0966 05/12/83 2100 5,0 - 6,6 3000 3000 - 0.07 
0966 09/16/BJ 224fl 9,5 6.6 6,6 2812 2800 271 0.09 
0966 03/16/84 2116 .o 6.7 6.8 2776 2900 2B3 o.so 
1078 05/16/85 1652 11.7 7.4 7.5 3180 3000 179 2,60 
1358 05/17/85 2736 10,4 7.5 7.6 3328 4200 351 90,00 
1359 m,/17/85 3136 10.fl 7.2 7.4 3943 4400 306 76.00 
1359 10/02/85 4570 10.5 5.9 6.2 4792 44()0 1852 - 2.53 
1360 10/03/85 4flfl J 9.1 6.5 6.5 5242 6000 1816 - (1.20 
1441 06/21/85 1700 11.9 9.7 9.9 2228 251l0 92 15,00 
1441 10/02/85 1371 12.0 9.B 9.9 1908 2000 23 - 0.40 
1443 07/25/85 2636 11. 7 12.7 12.9 10676 10400 341 B.20 
1443 10/04/85 2493 9.1 12.7 13,0 9561 9600 215 - 0.32 
1445 10/02/85 1831 1 o. 7 8.2 8,2 2596 2300 42 - 1, 04 
11o----"-· -- ....... ,~·-···--~ .. ·-·~----'·"-'·--~·-- -'-~-~ . ..._..,,,, ... ~._. ----··-- ·-·----..... ~---------------------------· 
GROllNOWATER ANALYSES: BfllLAH-ZAP __ LJGNITE BED1 can't. 
Well Ca Mg Na Cl 504 N03 Carb. Bicarb. Anions Cations 
Number SAR mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L meq/L meq/L r. Dirr. 
959 5.3 600.0 420.0 695 62,4 4650 32.1 - 548 
959 5.4 500.0 340.0 440 35.5 3200 5.J 440 542 
959 3.5 430.0 360.0 410 18.0 3200 - 0 386 74.8 68.9 4.1 
959 3.5 410.0 Joo.o 380 29.0 2700 . - 0 370 64,4 61.7 2.2 
959 4.0 490.0 360.0 4AO 34.0 3100 - 0 420 66.4 74,9 6, 1 
959 4.7 520,0 620.0 470 43.0 4200 - 0 510 98.8 91.6 3.8 
959 4.6 550.0 500.0 620 44,0 4500 - 0 470 104,0 95.5 4.4 
959 4.8 580.0 440.o 635 50.0 4093 19.0 0 538 98,8 93, 1 3,0 
959 4.5 580,0 452.0 600 50.0 4219 - 0 480 98.9 . 92 ,6 , --.,._, 
959 5.1 568.0 488.0 685 53.7 4262 20.8 0 468 101.2 99,1 1, 1 
959 4.4 561.0 511.0 603 51.5 4237 16.2 0 478 100.5 9ci.6 1.9 
966 17.6 40.0 29.0 600 88.6 916 - - 742 
966 16.3 37.5 24.0 520 12,8 800 <1.0 478 583 - - - ~I 
966 15. 7 39.0 n.o 540 7.0 980 - 0 531 32.2 28,2 5.2 N 
966 17.4 31.0 23.0 520 • 8.0 1130 . - 0 540 2!l. J 26,0 4 .1 
966 15.2 38,0 27.0 500 8,0 · 780 - 0 530 27,1 25.9 2.3 
966 15,6 43.0 31,0 550 9.0 moo - 0 510 31.2 28.6 4.4 
966 14.0 64.0 47,0 600 1 o.o 1200 - 0 460 34.5 · 33.2 1.9 
966 15.1 52.0 34.J 570 12,0 1020 <1.0 0 520 32.0 30.J 2,6 
966 14.5 54,0 36.0 560 14.0 1042 - 0 500 32.1 30.2 3.1 
1078 23.A 37,2 20.9 730 14.5 85A (1,0 0 944 37.2 35.7 2,1 
1358 22.1 64.0 46,0 950 7.5 889 1.7 0 1408 47.0 46.4 0.6 
1359 20.4 76.0 47.7 920 8.5 876 1.2 0 1572 50.0 52. 1 2.0 
1J59 5.9 356.0 234.0 586 29.5 2860 2.2 0 276 66.1 62.9 2.5 
1360 8,4 340.0 235,0 822 13,5 2715 (1.0 0 786 72. 7 72.3 0.2 
1441 22,9 21,4 9.4 506 2ll ,O 210 (1.0 212 786 25. 1 25.0 0.2 
1441 •41.5 6.1 1.8 453 1.5 37 1.5 236 752 20,7 20,3 1.0 
1443 22,0 125.0 7 .1 931 20.5 6 2,9 2416 no 51.8 4A,1 3.8 
11,43 28.0 85.9 0.2 944 9B,0 1 <1,0 221A 911 50, 1 {15 .6 4.7 
1445 28.0 9.0 4.7 620 27.7 400 1. 1 0 926 27,7 28,0 0.5 
Wi:te t """"'-""""'--""""'-~-"'-s>'~"-""""----------------·---------------------.;.,.-------------------------------· 
GROUNDWATER ANALYSES: SPAER LIGNITE BED 
lab field Tot al Dissolved 
Well Date TOS field lab field Cond, Cond, Hardness Iron Iron 
Number da/mo/yr mq/l Temp.°C pfl pH umohs/cm umohs/cm mq/L mg/L 
1440 07/26/85 1712 13,4 8,2 8,4 2247 2600 80 4.40 
1440 10/02/85 1526 12,5 B.J 8.4 22.37 2600 29 - 0.24 
81 
{'] 
hr .,., .. _,__,,,. ,·.,.,.,,_.,,.... ... __ ... _ -·--·----··-·--·- """'··~·-"-·' ···---· -...-....,~---.. ~--,,¥- '-'---.~ ~-,,~~ .. ---...:.-----------------· 
GROllNOWAT£R ANAL VS£S: SPAER LIGNITE' B.f:fl..t con•t.. 
Well field field Na Cl 504 NOJ Carb. Bicarb. Anions Cat ions 
Number Temp °C pit mg/L mg/L mg/L mg/L mg/L mg/L meq/L meq/L l'.: Di ff. 
1440 27,0 17.8 8.6 554 6.0 426 <1.0 0 932 27. 7 26 .1 · 2 .9 
1440 47.0 6.J J,J 584 6,0 357 <1.0 0 956 26.7 26.1 1.2 
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Farm wel l screened in Beulah-Zap Bed 
Farm we ll screened in Schoolhouse Bed 
Stockpond incised into Schoolhouse Bed 
( Numbers correspond to figure 4) 
Subcrop of mineable Beulah-Zap Lignite 
( "cropline") 
Contoure interval= 5 feet, to convert to 
Metres multiply by _ 0.3048. 
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PLATE 4 - Test hole and monitoring well locations. West Brush Creek Development Area 
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